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Abstract 
Despite an apparent increase in cases of angiostrongyliasis in humans and animals in Australia, the 
epidemiology of infection with the two species of Angiostrongylus that co-exist in this country, 
namely A. cantonensis and A. mackerrasae, is poorly understood.  This knowledge gap is 
particularly important with respect to Angiostrongylus mackerrasae, a species evidently native to 
Australia, as its ability to cause disease in humans is unknown.   
Likewise, there is little information on the roles of native and introduced species of rodents and 
molluscs as hosts of Angiostrongylus species in Australia.  This thesis focuses on the gaps in the 
knowledge about the epidemiology of two species in southeast Queensland, highlighting the 
hotspots for transmission of the parasite in urban Brisbane.  A comprehensive survey of rats 
belonging to the species Rattus rattus, Rattus norvegicus and Rattus fuscipes was conducted. The 
prevalence of infection with Angiostrongylus spp. was 16.5% in Rattus spp. trapped in urban 
Brisbane and surrounds which is much higher than estimates of earlier studies.  This highlights the 
possible risk of zoonotic infection in children, dogs and wildlife in this region and indicates the 
necessity for public awareness as well as more detailed epidemiological studies on this parasite in 
eastern Australia.   
Of the two Australian species, Angiostrongylus mackerrasae appears to be adapted to life in the 
native bush rat, Rattus fuscipes.  This species evidently has an identical life cycle to that of 
Angiostrongylus cantonensis. A. mackerrasae may have greater potential to infect non-rodent hosts 
as it has been found as adult form in the lungs, as has been recorded for an individual flying fox.  
This raises concerns as to the potential of this native angiostrongylid to infect domestic animals and 
humans.  To date, data on the taxonomy, epidemiology and population genetics of A. mackerrasae 
are poor or unknown. Here, we describe the mitochondrial (mt) genome of A. mackerrasae with the 
aim of addressing some of these knowledge gaps.  
The complete mitochondrial (mt) genome of A. mackerrasae was amplified from a single 
morphologically identified adult worm, by long-PCR in two overlapping amplicons (8 kb and 
10 kb).  The amplicons were sequenced using the MiSeq Illumina platform and annotated using an 
in-house pipeline.  Amino acid sequences inferred from individual protein coding genes of the mt 
genomes were concatenated and then subjected to phylogenetic analysis using Bayesian inference.  
The mt genome of A. mackerrasae is 13,640 bp in size and contains 12 protein coding genes (cox1-
3, nad1-6, nad4L, atp6 and cob), and two ribosomal RNA (rRNA) and 22 transfer RNA (tRNA) 
genes.  The mt genome of A. mackerrasae has similar characteristics to those of other 
Angiostrongylus species which is explained in detail in chapter 3.  Phylogenic comparisons reveal 
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that A. mackerrasae is closely related to A. cantonensis and the two sibling species may have 
recently diverged compared with all other species in the genus with a highly specific host selection.  
This mt genome will provide a source of genetic markers for explorations of the epidemiology, 
biology and population genetics of A. mackerrasae. 
The potential pathogenicity of A. mackerrasae for human and animals was also investigated in this 
PhD and the results reveal that A. mackerrasae causes severe eosinophilic meningitis in mice and 
guinea pigs and can potentially cause similar neurological disease in human and animals.  It was 
also revealed that mice immune response is less responsive to A. cantonensis comparing to the 
similar species A. mackerrasae, as A. cantonensis live for a longer time in meninges of the 
accidental host and this can help the parasite causing a more patent infection in human and animals. 
The data of this project raises the possibility that cerebral meningitis remains a potential problem in 
South Eastern Queensland, particularly as people encroach onto forested areas.  Angiostrongylus 
mackerassae appears to be a species that diverged from A. cantonensis after invasion of the 
Australian mainland.  This species may have greater pathogenesis both in definitive and accidental 
hosts. 
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1.1  Publication 
This chapter is partly presented as a paper that is published by Vector-borne and Zoonotic 
Diseases. The link to the publication can be found in Appendix A. 
Disclaimer: The text of this publication has been edited based on comments from the reviewers 
of this thesis. 
Emergence of neural angiostrongyliasis in Eastern Australia 
Mahdis Aghazadeh, Malcolm K. Jones, Kieran V. Aland, Simon A. Reid, Rebecca J. Traub, James 
S. McCarthy and Rogan Lee
 
Vector-borne and Zoonotic Diseases 2015 
Volume 15 , Number 3, Pages 184-190 
Abstract 
Despite an apparent increase in cases of angiostrongyliasis in humans and animals in Australia, the 
epidemiology of infection with the two species of Angiostrongylus that co-exist in this country, 
namely A. cantonensis and A. mackerrasae, is poorly understood.  This knowledge gap is 
particularly important with respect to Angiostrongylus mackerrasae, a species evidently native to 
Australia, as its ability to cause disease in humans is unknown.  Likewise, there is little information 
on the roles of native and introduced species of rodents and molluscs as hosts of Angiostrongylus 
species in Australia.  This review focuses on the gaps in the knowledge about the two species, 
highlighting the need for epidemiological and pathogenesis studies on the native lungworm, 
Angiostrongylus mackerrasae. 
Key words: Angiostrongylus mackerrasae, Angiostrongylus cantonensis, Australia, Rat lungworm.  
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Introduction 
Neural angiostrongyliasis, the cause of eosinophilic meningitis, is a consequence of the migration of 
larvae of the rat lungworm Angiostrongylus cantonensis in humans and animals.  First discovered in 
1935 from China, A. cantonensis has been reported to be the most common species causing 
eosinophilic meningitis around the globe 
1
.  Accidental infection in humans may cause severe 
headache, nuchal rigidity and paralysis of cranial nerves 
2
, while lumbar hyperesthesia and hind 
limb paresis are predominant signs observed in dogs 
3
.  Eosinophilic meningitis is not the only 
clinical manifestation of A. cantonensis.  Lung pathology caused by A. cantonensis larvae has been 
reported from CT scan images of patients with neural angiostrongyliasis in China 
4
 and in Australia 
5
. Ocular angiostrongyliasis has also been reported in 42 patients from 13 countries, in which the 
most common sign is loss of vision 
6, 7
. Fatal cases of encephalitis due to Angiostrongylus have also 
been reported in humans 
5, 8, 9, 10
. 
Between 1994 and 2006, more than 300 cases of human angiostrongyliasis were reported from 
China 
11
.  To date, over 2,800 human cases have been reported world-wide of which 28 are from 
Australia 
5, 12
.  Outbreaks of the disease have been reported from Tahiti 
13
, American Samoa 
14
, 
Taiwan 
15
, the Caribbean region 
16, 17
, Japan 
18
, China 
12, 19, 20
, and Ecuador 
21
.  In such outbreaks, 
groups of people are usually affected by the disease in a single geographical location owing to a 
point source exposure attributed to contaminated foods.  In contrast, reported cases from Australia 
have mostly been isolated incidents caused by ingestion of infected snail or slug tissues by children 
5
 or by misadventure, including ‘dares’ by peers to ingest molluscs 22, 23.  A. cantonensis causes 
significant pathology especially in infected children, and the prognosis of the disease is usually poor 
when considerable numbers of larvae are ingested 
24
.  
Other Angiostrongylus species known to cause pathology in animals and humans are 
Angiostrongylus vasorum, A. costaricensis and A. malaysiensis.  As with A. cantonensis, all three 
species use terrestrial and aquatic molluscs as their intermediate hosts.  Angiostrongylus vasorum is 
Chapter 1 
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found in Europe, Northern Asia, North America and Africa.  Adults of this species infect the 
pulmonary arteries of dogs and wild canids, which are the definitive host.  Angiostrongylus vasorum 
is of veterinary significance, but is not zoonotic 
25
. Angiostrongylus costaricensis, found in Costa 
Rica, Brazil and Venezuela 
26, 27, 28
, have adult worms living in the mesenteric arteries of their 
rodent host.  Accidental ingestion of larvae by humans is known to cause severe enteritis, but not 
neurological disease as seen by other species of this genus 
29
.  A lesser known species of rat 
lungworm, A. malaysiensis, occurring mainly in Malaysia, is also a cause of eosinophilic meningitis 
in humans 
30
.  Together with A. cantonensis, the former species of Angiostrongylus are classified as 
emerging zoonotic infections particularly in endemic countries where terrestrial molluscs are used 
as a food source and rodent control is non-existent. 
Angiostrongylus species in Australia 
A few attempts have been made to define the geographical occurrence of species of 
Angiostrongylus within Australia, but the data are limited and specific clues as to how the parasites 
entered the continent are almost non-existent.  An Angiostrongylus species was first reported from 
Queensland as a parasite of rats by Mackerras and Sandars 
31
.  Although these authors identified the 
parasite as A. cantonensis, Bhaibulaya 
32
, in his analysis of Australian angiostrongylids, re-
examined the voucher specimens deposited by Mackerras and Sandars, and proposed that the 
specimens belonged to a separate, new species, which he named A. mackerrasae.  Angiostrongylus 
cantonensis is now a common parasite of feral rats in south east Queensland and in regions of 
Sydney in New South Wales
33
.     
Data on the northern limit of the parasite are scant.  Dunsmore 
34
 searched for lungworms in four 
species of rodents from the Sir Edward Pellew Islands (15
˚ 40   , 136˚49  E) in the Gulf of 
Carpentaria, Northern Australia.  Dunsmore did not recover any Angiostrongylus specimens from 
these hosts.  It should be noted that Dunsmore’s study focused on rat and mammal species 
belonging to genera other than Rattus, the natural hosts of A. cantonensis and A. mackerrasae.  
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Although one species of the genus Rattus, R. sordidus, is found on the Edward Pellew islands, 
Dunsmore did not investigate this species for parasites.  The absence of positive records by 
Dunsmore 
34
, may simply reflect his examination of mammals that are refractory to infection 
because of dietary preferences, natural immunity, or the host specificity of the lungworms.  
Alicata 
35
 inferred that Angiostrongylus arrived in Australia  through the eastern part of the 
continent.  There are no reports of Angiostrongylus from Western and Southern parts of Australia 
and it has only been within the last decade that the parasite was found as far south as Jervis Bay in 
New  outh Wales (35.09 ˚  150.80 ˚E) 36.   
Following Alicata, it appears that Angiostrongylus cantonensis may have been initially introduced 
to Queensland with infected rats, as indicated by the discovery of the parasite in rodents and early 
reports of infection in dogs and humans.  The more recent discovery of infections in animals and 
humans in Sydney and south coast of New South Wales, could suggest a recent southerly expansion 
in disease distribution of this parasite in Australia.  This expansion of A. cantonensis distribution in 
Australia was possibly enhanced by low host specificity and the fact that most terrestrial molluscs 
and rats species in Australia can potentially serve as natural hosts for this nematode 
37
.  However, 
much remains to be discovered about host preferences of angiostrongylids in Australia, about the 
feeding biology of native and introduced slugs, the distribution of the parasites throughout their 
known range, and the actual geographical limits of both species in Australia.  
Angiostrongylus species have been reported from both feral and native rat species of Australia 
32
.  
Understanding the epidemiology of Angiostrongylus species in Australia is complicated by the 
presence of two nearly identical species, A. cantonensis in introduced Rattus species and 
Angiostrongylus mackerrasae in the native rat, Rattus fuscipes.  Despite the similar lifecycle of the 
two species, A. mackerrasae can be differentiated from A. cantonensis using morphological criteria 
of the adult worms.  Bhaibulaya 
32
 distinguished the two species on the sizes of the spicules in adult 
males, which in A. cantonensis are 1.24mm in length and in A. mackerrasae are 0.49mm in length  
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(Figure 1).  In addition, the length of the vagina in the adult female parasites differs between the 
species, with that of A. cantonensis being longer.  Since the primary points of morphological 
distinction between the two species are in the copulatory apparatus, it might be expected that there 
exists mechanical isolation between the two species.  Species interbreeding has been achieved, 
however, when experimental hybridization of the two species produced male F1 hybrids that were 
sterile whereas females remained fertile 
38
.  Bhaibulaya 
38
 also observed that the morphology of F1 
hybrids were intermediate between the two species and based on this, suggested that the two species 
are distinct.  This leads to the speculation that the two parasites species have the potential to become 
sympatric within the same host, possibly leading to the evolution of a hybrid species.  While A. 
cantonensis is known to be responsible for eosinophilic meningitis in a wide range of hosts, the role 
of A. mackerrasae in animal and human disease is entirely unknown.   
 
Figure 1. Difference in spicule size in adult male (arrows): the posterior end of adult male A. cantonensis 
(A) and A. mackerrasae (B). 
Forty years ago, Bhaibulaya 
38
 showed that A. mackerrasae was neurotropic and migrated to the 
brain of rats in the same manner as A. cantonensis 
38
.  Given the similarity in larval migratory 
pathways within the host of these two species, it is plausible that A. mackerrasae may also be 
neurotropic in humans as well as other animal hosts. Since morphological separation of the two 
species is almost impossible at all stages bar the fully developed adult worms, we hypothesise that 
recovered worms from humans and animals at post mortem may have a proportion that are A. 
mackerrasae.  Recovered nematodes from human cases of angiostrongyliasis in Australia to date 
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have not attempted to identify the aetiological agent by genetic analysis. 
Although angiostrongyliasis is clearly enzootic in Australia 
33
, there have been relatively few 
human cases reported, raising the question as to whether human infections are either misdiagnosed 
or under-reported.  At worst,  infection with A. cantonensis can lead to eosinophilic 
meningoencephalitis, pulmonary abscesses, blindness, profound mental retardation, spasticity and 
epilepsy and even death in infants who ingested infected planarians or snails 
5, 39
.  However,  the 
most frequent symptom in humans is severe prolonged headache for which patients are rarely 
hospitalized 
37
 and many cases may therefore be missed.  
There exists only scattered epidemiological information of Angiostrongylus spp. along the Eastern 
regions of Australia.  Local surveys in the state of Queensland 
40
 showed that A. cantonensis 
occurred in populations of feral rats in pockets along the Brisbane River, which runs through the 
capital city of Brisbane.  In addition, retrospective case studies in dogs provide evidence that A. 
cantonensis is widespread in metropolitan areas of Brisbane and Sydney 
3, 41
.  According to Yong 
and colleagues 
40
, virtually all terrestrial molluscs in that region could be infected experimentally.  
In another survey done by Stokes et al. 
36
, the prevalence of rats infected with A. cantonensis in 
coastal forests of the regions surrounding Jervis Bay, NSW in south east Australia was reported to 
be 11.3% in summer with a prevalence of up to 14.7% in selected sites.  Unfortunately, neither 
study used molecular methods to identify of Angiostrongylus species, although the authors indicated 
that both Australian species were present in the survey site.   
Apart from rats and dogs, A. cantonensis has also been reported in many different animal species in 
Australia including captive Bennett’s wallabies (Macropus rufogriseus) 42, horses 43, captive rufous 
bettongs (Aepyprymnus rufescens) 
44
, captive tamarins (Sanguinus spp) 
45
, wild black- and grey-
headed flying foxes (Pteropus species) 
46
, yellow tailed black cockatoos (Calyptorhynchus 
funereus) 
47
 and, most recently, tawny frogmouths (Podargus strigoides) 
47, 48, 49
 and brushtail 
possums (Trichosurus vulpecula)  
48
.  The presence of A. cantonensis has also been suggested to be 
Chapter 1 
8 
 
a threat to Australian endangered bird species such as the Eastern bristlebird, Dasyornis 
brachypterus, which prey on gastropods 
36
.   
Interestingly, there is a recent report of a patent infection of the flying fox Pteropus alecta with the 
native angiostrongylid A. mackerrasae 
50
.  This finding has important implications for our 
understanding of animal and human angiostrongyliasis.  Despite the serious risk of Angiostrongylus 
spp. to wildlife and public health, no systematic survey of this nematode has ever been conducted in 
Australia.  A national survey of this nematode has been carried out in China 
51
 and studies such as 
these are advocated in Australia to determine the prevalence, geographical distribution, climatic and 
ecological drivers of this parasite in definitive and intermediate hosts to identify populations at risk. 
Rats as definitive hosts in Australia 
Since its first description from R. norvegicus in China 
52
, A. cantonensis has been reported from 
other native and introduced rat species from Southeast Asia and Australia 
37
 such as R. rattus 
53
, R. 
fuscipes 
32
, R. exulans 
54, 55
; R. flavipectus 
51
; R. argentiventer 
56
 and R. losea 
57
.  In Australia, A. 
cantonensis has been reported from R. rattus and R. norvegicus, whereas A. mackerrasae has only 
been reported from native rat species, R. fuscipes 
32
 and R. lutreolus 
36
. 
Stokes et al. 
36
 described complete geographical separation of A. cantonensis and A. mackerrasae in 
Jervis Bay forests.  In that study, it was found that A. cantonensis was only present in R. rattus 
populations in northern forests of the region and A. mackerrasae was only observed in R. fuscipes in 
southern forests.  Since the life cycles of A. cantonensis and A. mackerrasae are very similar, there 
is a potential for mixed infections in native rat species as well as in introduced rats.  
The close proximity of populations of introduced black rats and native rat species (e.g. bush rats, 
Rattus fuscipes) 
58
 and their shared habit of mollusc predation raises some interesting possibilities.  
Members of the genus Rattus are thought to have invaded Australia from New Guinea about 1.4 
million years ago, with species descended from the original invaders belonging to the Rattus 
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fuscipes group of species 
59
.  More recent invasions (approximately 0.5 million years ago) from the 
R. sordidus and R. leucopus lineages led to greater diversification of members of the genus on 
mainland Australia.  Despite the large radiation of Rattus species in Australia, it appears that A. 
mackerrasae is the only species found in native Australian rats.  The geographic range of this 
species appears to be limited by the natural range of its preferred host, Rattus fuscipes. The presence 
of only a single native Angiostrongylus is intriguing since there is a diverse range of native Rattus 
species in Australia, and an even more diverse range of species in New Guinea and South Eastern 
Asian countries 
60
  and several other native rodent species occur in this country that frequently eat 
molluscs or other invertebrate prey (e.g Hydromys chrysogaster and Uromys caudimaculatus). 
Introduced rodents that occur on the Australian mainland and on some offshore islands include the 
house mouse (Mus musculus), the brown rat (R. norvegicus), the black rats (R. rattus) and Asian rat 
(R. tanezumi).  Another inhabitant of islands, the Pacific rat, R. exulans, appears to have extended 
its range with prehistoric human migration and trading 
61
.  These introduced rodents occur as 
commensal species (that is, they live within close proximity to humans), with the house mouse, 
Pacific and black rats also occurring in natural environments.  Populations of these introduced 
rodents do not fluctuate as much as those of the native rats, because of their proximity to human 
habitations and the consequent static environment in which they live.   
It is not clear whether the introduced rat species can act as reservoirs for A. mackerrasae.   
Experimental work performed by Bhaibulaya 
38
 suggests that laboratory rats can support this 
species, but whether transmission of the parasite to different hosts occurs in nature has not been 
determined. Furthermore, there is some confusion surrounding the genetic identity of rats in 
Australia.  Genetic analysis indicates that the Australian black rat population is comprised of two 
species R. rattus and Rattus tanezumi which cannot be distinguished on morphological grounds 
62
.  
Any investigation of A. cantonensis in black rats in Australia has failed to consider this 
complicating factor.  Finally, as stated before, an understanding of the epidemiology and host 
ranges of the two species of Angiostrongylus in Australia is limited by the discrete morphological 
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differences between the two parasite species, and the complete absence of genetic data for A. 
mackerrasae.   
In view of the dearth of useful, genetic and morphological data of these parasites and their hosts, 
and the continuing infections of humans, and domestic and native animals, there is need for better 
epidemiological data on these parasites.  There has been no systematic survey of the 
angiostrongylids in Australia to identify the geographical range or hotspots of epidemiological 
significance.  Identification of hotspots for the transmission of A. cantonensis, and possibly A. 
mackerrasae, is one of the most effective ways of controlling the disease occurrence.  For instance, 
application of rodent control tools at Taronga Zoo, Sydney, NSW, has dramatically reduced the 
cases of neural angiostrongyliasis in zoo animals (Dr K. Rose, personal communication). 
Sentinel Hosts for Hot-spots of human infection 
Apart from the indication of a broad rat survey, it has been proposed that dogs can be used as 
sentinels for disease transmission in the urban and peri-urban areas 
41
.  Lunn and colleagues noted 
that the majority (64%) of dogs diagnosed with neural angiostrongyliasis in Sydney occurred 
between the autumn and winter months from April to July.  Presumably, the cool and damp nights 
of this season allows terrestrial molluscs to emerge and seek food.  Pups and adolescent dogs are 
more commonly infected and show some attraction to slugs 
63
.  The combination of this exploratory 
behaviour by younger dogs, as well as accidental ingestion of slugs that may contaminate dog food 
left outside the house are likely sources of infections of domestic dogs 
41
.  In addition, the infection 
of the two toddlers in Sydney also occurred during the autumn and winter period (Morton et al 
2013), thus supporting a seasonal prevalence.  Therefore, more information on the distribution of 
both species found in Australia and environmental risk factors influencing infection to humans and 
animals are required. For such a comprehensive study to be effective, better detection methods in 
both the warm blood host and the terrestrial molluscs must be developed. 
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A relatively common Australian bird, the Tawny frogmouth (Podargus strigoides) has also been 
suggested as a sentinel to identify risk areas for human and animal infections 
48
.  The diet of these 
birds consists mostly of large nocturnal invertebrates.  Juvenile birds are prone to hunting and 
ingesting snails, and a series of case reports identified a cluster of infections in this species 
49
.  A 
recent survey showed that 80% of cases of tawny frogmouths with neurological disease had 
nematodes in the lesions, and in the majority of those cases, the infection was attributed to A. 
cantonensis infection 
48
.  Most cases of diseased birds occurred in a period from February to June, a 
time, as stated, when terrestrial molluscs are likely to be active.   
Significance of human disease in Australia 
Terrestrial molluscs are not commonly eaten as food in Australia.  Due to their behaviour, young 
children and animals are most at risk of infection with this insidious parasite.  Because of the 
widespread presence of Angiostrongylus spp. in urban environments of east Australia, the diagnosis 
of this potentially fatal disease should be considered in any patient with severe headache, 
paraesthesia, or cranial nerve palsy 
64
.   
The recently reported human cases from New South Wales, raises concern about the emergence of 
neural angiostrongyliasis in Eastern Australia. These infections occurred in two toddlers, aged 10 
and 14 months, from two relatively close neighbourhoods in Sydney.  One of these children 
subsequently died from the infection 
5
.  Other cases reported in Sydney where two young men who 
developed eosinophilic meningitis 
22, 23
.  One patient recovered after 5 months post infection but the 
other was left with permanent CNS damage 18 months later.  The cases highlight the need for 
ongoing awareness of A. cantonensis as an infectious risk in urban areas of eastern Australia and a 
need for rapid diagnostics of infection with this species.   With continued incursion of human 
habitation onto forested areas in peri-urban regions, the presence of the sylvatic A. mackerrasae is 
an additional potential risk.  The recent report of patent lung infection from a flying fox (Pteropus 
alecto) caused by A. mackerrasae, indicated that this species has the potential to cause cross-species 
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infections and to cause similar pathogenesis to that caused by A. cantonensis 
50
. The findings of 
Mackie and colleagues 
50
 emphasises the need for better understanding of the identity of agents of 
angiostrongyliasis in Australia and the potential of the two Australian members of the genus to 
cause diseases in humans and their pets.   
Diagnosis of Angiostrongylus infections in humans and domestic animals is difficult due to low 
specificity and sensitivity of available tools 
41
.  Serological diagnosis has been made difficult by 
cross-reactivity with other helminth infections such as Gnathostoma species, Strongyloides 
stercoralis or filarial nematodes 
65, 66
.  ELISA and western blot analysis of cerebro-spinal fluid 
shows more promise with higher positivity in cases in dogs and humans 
41
.  Nonetheless, some 
humans do not seroconvert in early stages of infection, leading to failure to detect infection by 
serological methods 
5
; the late detection by antibody tests will lead to delayed administration of 
crucial anti-inflammatory  medication.  This delay will subsequently allow further pathological 
changes to occur as the parasite grows and continues to migrate through the central nervous system. 
Research should now focus on early detection of parasite antigen and/or genetic material in serum 
or in CSF.  (Detection of larvae by Real time-PCR was developed by Qvarnstrom and colleagues 
67
after the publication of this thesis).  
A number of laboratories have developed tests that have been applied to the investigation of A. 
cantonensis infections in snails.  The tests target the ITS1 region of ribosomal DNA of the 
nematode 
1, 68, 69
 and showed relatively high sensitivity. However, the reliability of the test in human 
CSF or serum depends on the availability of parasite DNA in active or resolving infections.  As the 
parasites do not replicate in the host, DNA abundance is entirely related to the numbers of parasites 
that enter the meninges or migrate through the ventricles. 
Conclusion 
Neural angiostrongyliasis in Australia remains a sporadic infection with potential lethal 
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consequences in warm blooded animals.  Its introduction and spread into the eastern regions of 
Australia remain speculative.  A. cantonensis is likely to have been brought to Australia with the 
introduction of R. rattus. The sharing of intermediate and definitive hosts for A. cantonensis and A. 
mackerrasae may provide opportunities for a hybrid species to develop which could have a 
different pathogenicity in native animal populations.  Thus there is a need to understand the 
population genetics of the two sympatric Angiostrongylus spp. present in Australia and determine 
whether the two species have potential to develop hybrid progeny which could establish and be 
more pathogenic. 
Angiostrongylus infections appear to be emerging in many countries and the association of several 
species with human diseases is becoming increasingly recognized.  This is also the case in Australia 
where two similar species occur and both are neurotropic in their definitive hosts.  Furthermore, the 
availability of snail intermediate hosts is dependent on environmental factors such as rainfall and 
temperature; this would indicate that Angiostrongylus spp. are likely to be seasonal in their 
prevalence.  
Currently, available diagnostic tools for angiostrongyliasis in Australia are built solely around 
recognition of A. cantonensis.  The absence of reagents for identifying A. mackerrasae raises two 
problems.  The first is that the current probes might not detect the potentially pathogenic A. 
mackerrasae in serum or CSF samples.  This lack of diagnostic specificity and sensitivity could 
lead to misdiagnosis and underestimation of the true incidence of angiostrongyliasis in Australia.   
Secondly, as Australia is an island continent, the isolation of Angiostrongylus in this country may 
result in genetic divergence.  Identification of transmission host spots in Australia and other 
endemic areas are thus essential to aid in clinical diagnosis of neural angiostrongyliasis in humans 
and other animals. 
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1.2  Literature Review 
1.2.1 Neural angiostrongyliasis 
Neural angiostrongyliasis is a disease caused by the invasion and migration of larvae of the rat 
lungworm Angiostrongylus cantonensis in neural tissues of humans and other mammalian and 
avian hosts. The disease manifests as eosinophilic meningitis which mainly causes severe 
headache, radiculomyopathy and paralysis of cranial nerves in accidentally infected human host 
(Graeff-Teixeira et al., 2009) as well as hyperesthesia and hind limb paresis in dogs 
3
.  However, 
eosinophilic meningitis is not the only clinical manifestation of Angiostrongylus cantonensis.  
Although rare, human cases of fatal encephalitis and ocular angiostrongyliasis have been reported 
previously 
8, 10
.  To date, over 2,800 cases of neural angiostrongyliasis in humans have been 
reported from 30 countries of which at least 28 are from Australia 
5, 70
 (Figure 2). 
The nematode Angiostrongylus cantonensis is the rat lungworm which is transmitted to human and 
other accidental hosts through a variety of mollusc species acting as an intermediate host for the 
parasite.  First discovered in 1935 from China, A. cantonensis has been reported to be the most 
common species associated with neural angiostrongyliasis 
1, 71
.  However there is not enough data on 
the epidemiology of this disease from Australia and there are many unknown aspect of the parasite 
life cycle and seasonality which needs to be investigated in this region.  Understanding the 
epidemiology of Angiostrongylus species in Australia is complicated by the presence of a nearly 
identical species, Angiostrongylus mackerrasae, in native rats Rattus fuscipes and Rattus lutreolus.  
While the introduced species A. cantonensis is known to be responsible for eosinophilic 
meningoencephalitis (EME) in a wide range of species, the role of the native species in animal and 
human disease is entirely unknown.  However, previous studies have shown that A. mackerrasae is 
neurotropic and migrates to the brain of rats in the same pattern as A. cantonensis 
38
 and it can 
potentially be neurotropic in human and other animals as well. Only recently A. mackerrasae was 
discovered from pulmonary arteries of a flying fox with severe pneumonia proving that it can 
potentially cause pathology in animals as well as humans 
50
.   
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Most of the recovered nematodes from cases of angiostrongyliasis in Australia have not been 
studied at the molecular level and there is a chance that A. mackerrasae has been mistakenly 
identified as A. cantonensis.  Therefore, a systematic survey of rats from eastern Australia is crucial 
to understand the epidemiology of the disease and allow the development of a new diagnostic tool 
for ante-mortem identification of the parasite in animal and human patients. 
 
Figure 2. Distribution of A. cantonensis and human A. cantonensis infections or outbreaks worldwide 
70
. 
1.2.2 Angiostrongylus spp. 
Classification and morphology 
Angiostrongylus spp. belong to the superfamily Metastrongyloidea which consist of 180 species 
of bursate nematodes (order Strongylida). All nematodes in this superfamily have a 
heteroxenous life cycle as well as a reduced copulatory bursa 
72
.  Adults of most 
metastrongyloid taxa are parasites of the respiratory system.  However, some have tropism to 
other tissues of the host such as the central nervous system and musculature of cervids 
(elaphostrongyline nematodes; Protostrongylidae), frontal sinuses of mustelids 
(Skrjabingylidae), and the circulatory system as represented by various species in the 
Angiostrongylidae and Pseudaliidae 
73
.  Most metastrongyle nematodes use gastropods as 
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intermediate hosts.  Few members of genus Angiostrongylus including A. cantonensis, A. 
mackerrasae 
32
 and A. malaysiensis 
74
 are some of the 20 metastrongyle nematode species that 
live in vascular system of animals 
75
.  Angiostrongylus cantonensis and A. mackerrasae are very 
similar morphologically. Both species possess filariform bodies, tapering at both ends.  Both 
also have three lips with eight external papillae at the base of the lips.   The two species differ 
only in the size of the spicules in males and the distance between the anus and vulva in females.  
The average length of the spicules in A. cantonensis was found to be 1.24 mm, whereas in A. 
mackerrasae it was measured 0.49 mm and there was no overlap throughout the range of spicule 
lengths 
76
. 
Moreover, in 51 specimens of A. cantonensis and 64 specimens of A. mackerrasae examined by 
Bhaibulaya 
76
, the arithmetical mean length of the vagina of A. cantonensis was 2.13 mm, 
whereas in A. mackerrasae it was 1.41 mm.  Also the mean distance between vulva and anus of 
A. cantonensis was measured 0.156 mm, and in A. mackerrasae it was measured 0.141 mm. 
Angiostrongylus cantonensis 
Angiostrongylus cantonensis was first identified in 1935 by Chen in Canton, China when he was 
examining tissues of wild black and brown rats 
77
.  Chen placed the species in the genus 
Pulmonema, having noticed that it morphologically resembled the dog lungworm, 
Angiostrongylus vasorum 
78
, then designated as P. vasorum. 
Angiostrongylus cantonensis is now well recognized as the primary cause of human EME in 
many parts of the Indo-Pacific region and has used Rattus norvegicus and molluscan 
intermediate host Achatina fulica, which are both invasive species, to establish itself throughout 
the tropics.  The species has subsequently adapted to infecting and maintaining its life cycle in a 
variety of rat and mollusc species around the world.  The parasite is transmitted to humans and 
other accidental hosts through a variety of mollusc species.  Moreover, paratenic hosts such as 
freshwater prawns, frogs, fish and planarians may also act as potential sources of infection for 
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humans 
15
. 
Life cycle 
The life cycle of Angiostrongylus cantonensis is shown in Figure 3. The definitive hosts of the 
parasite are rats of the genus Rattus.  After ingestion of third stage larvae by rats, the larvae 
enter the blood stream and reach the neural tissues and molt twice to become Fifth stage larvae 
(L5) in about two weeks 
11, 77
.  L5 later migrate to pulmonary arteries, where they reach sexual 
maturity and lay eggs. Eggs laid in lung tissues will hatch to liberate the first -stage larvae (L1), 
which will then migrate to the trachea, are swallowed, and are passed with rodent faeces.   Egg 
and L1 usually begin to appear in the faeces of rats about 45 days after the ingestion of L3 
within molluscs 
76
.  The L1 larvae remain in faeces until they are ingested by terrestrial 
molluscs again, in which they develop into third-stage L3.  Within the intermediate host, the 
larvae molt into second-stage larvae in 7 to 9 days and into the infective third stage larvae in 12 
to 16 days 
77
. 
Rats and other aberrant mammal and bird hosts are infected by ingesting infected molluscs 
70
.  
Additionally, paratenic hosts such as amphibians, crustaceans, fish and planarians become 
infected with A. cantonensis by ingesting infected gastropods but do not support larval 
development 
14, 77
. These hosts can also serve as an important source of human infection 
37
.  
Although paratenic hosts are not able to transform L1 to the infective third stage larvae (L3), 
they can be a source of infection for the accidental hosts if they ingest L3 through infected 
molluscs. For instance, the New Guinea flatworm, Platydemus minokwari, was the responsible 
agents in an outbreak of angiostrongyliasis in Okinawa, Japan 
18
.  Also, a recent human case of 
angiostrongyliasis has been reported from China where the disease was acquired after 
consumption of raw frog 
15
.   
Humans are accidental hosts and become infected by ingesting L3 larvae through infected 
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molluscs or paratenic hosts. The immature worms travel to human brain and spinal cord, 
creating tissue damage resulting in EME 
37, 64
.  The immature worms do not usually complete 
their life cycle in the accidental host and die in the CNS causing severe inflammatory response 
2
.  However adult worms has been recovered from the lung of an 11-month old infant 
39
. 
 
Figure 3. The life cycle and modes of transmission of Angiostrongylus cantonensis 
79
. 
Apart from the oral route, subcutaneous, intramuscular and intraperitoneal routes of infection 
has been successfully experimented in mice using third stage larvae (Wang et al., 1991) and are 
suggested as potential routes of infection for laboratory workers.  However there is no case of 
such infections reported in the literature. 
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Rats as definite hosts 
Although rats are definite host for this nematode, they are usually asymptomatic, allowing the 
continual maintenance of the parasite within the environment through contaminated rat faeces. 
Since its first description in Rattus norvegicus in China in 1935 (Chen, 1935), A. cantonensis , 
has been reported from other native and introduced rat species from Southeast Asia and 
Australia (Prociv et al., 2000) such as Rattus rattus 
53
; Rattus fuscipes (Bhaibulaya, 1968);  
Rattus flavipectus 
51
 Rattus argentiventer 
56
 and Rattus losea 
57
.  In Australia A. cantonensis has 
been reported from R. rattus and R. norvegicus whereas A. mackerrasae has only been reported 
from native rat species, R. fuscipes and R. lutreolus  
36
.  However co-infections with A. 
cantonensis and A. mackerrasae has been reported from R. norvegicus 
32
. Since the life cycles 
of A. cantonensis and A. mackerrasae are very similar and the two carry very similar genetic 
identity 
80
, there is a potential for mixed infections in native rat species as well as in introduced 
rats. 
Molluscs as intermediate hosts 
A wide range of mollusc species has been shown to act as the intermediate host for A. 
cantonensis, although the giant African snail, Achatina fulica, is considered as one of the 
most important intermediate hosts for Angiostrongylus spp. around the globe.  Also, the 
aquatic snails, Pila spp., were suggested as a major source of human infection in Thailand 
81
.  
Results of a Chinese national survey of molluscs suggest that Pomacea canaliculata and 
Achatina fulica are the two major intermediate hosts which have played a pivotal role in 
transmission of A. cantonensis in China 
8
.  However, these species are not of concern in 
Australia as they are exotic.  It is believed that most Australian native mollusc species are 
capable of becoming infected with A. cantonensis.  For instance species such as Limax 
aborum, Helix aspersa, Deroceras laeva, Vaginulidae spp., Onchidium spp., Helicarion spp. 
and Physa spp. were shown to be infected with this parasite (Bhaibulaya, 1979). Yet, it is not 
Chapter 1 
20 
 
clear which species of molluscs are more important in the maintenance and dissemination of 
Angiostrongylus species in Australia. Yousif and Lammler 
82
 studied the suitability of 
different planorbid, lymnaeid, physid and ampullariid species as intermediate hots for A. 
cantonensis and found that Biompharalia glabrata was the most susceptible snail species 
with 100% infection rate followed by Stagnicola elodes and Bulinus africanus. 
1.2.3 Epidemiology 
There is increasing concern regarding the proliferation of this nematode around the world in 
recent years, perhaps due to change in food consumption trends and global transportation of 
food products 
83, 84
.  The increasing trend of global travel has led to many imported cases of 
angiostrongyliasis to non-endemic countries and has become a consideration in the 
differential diagnosis of neurological diseases in travel medicine around the world 
17, 83
.  
Between 1994 and 2006 more than 300 cases of human angiostrongyliasis were reported in 
China alone and to date, more than 2800 angiostrongyliasis cases have been described around 
the world  [69].  For instance, outbreaks of the disease have been reported from Tahiti 
13
; 
American Samoa 
14
; the Caribbean region 
16, 17
;  Japan 
18
; China 
12, 19, 85
 Taiwan 
86
 and 
Ecuador 
21
 where a group of people were affected by the disease in a certain geographical 
location. 
Angiostrongylus spp. in Australia 
Angiostrongylus spp. was first reported in Australia by Mackerras and Sandars 
31
 as a 
parasite of rats.  In 1955 Mackerras and Sandars suggested that there might be two species of 
Angiostrongylus in rats in Queensland based on the considerable difference in size of 
spicules. This theory was later confirmed by Bhaibulaya, when he examined infected rats 
from the north and south of Queensland 
32
.  Bhaibulaya also observed co-infection of A. 
mackerrasae with A. cantonensis in the domestic rat, R. norvegicus but not in R. rattus 
38
. In 
1988, Alicata identified the potential pathogenicity of A. cantonensis for humans 
35
.  
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Although few researchers tried to investigate the geographical occurrence of Angiostrongylus 
spp. around Australia, the route from which the parasite entered the continent was not clearly 
understood.  Dunsmore 
34
 investigated the presence of lungworm in four species of rodents 
from the Sir Edward Pellew Islands in the Gulf of Carpentaria but did not recover any 
Angiostrongylus spp. from this region of Australia. 
In Australia infection with A. cantonensis has been reported as a cause of EME, pulmonary 
abscesses, blindness, profound mental retardation, spasticity and epilepsy and even death in 
infants who ingested infected planarians or snails (Cooke-Yarborough et al., 1999; Prociv, 
1999; Prociv and Tiernan, 1987). Further attention was drawn to the disease in this region, 
after a retrospective case study in dogs conducted by the University of Queensland Veterinary 
Clinic described its clinical and pathogenic in experimentally and naturally infected dogs from 
the Brisbane area
3
. 
Apart from infecting dogs 
3, 41, 87
, A. cantonensis has also been reported in many different 
animal species in Australia including captive Bennett’s wallabies, Macropus rufogriseus 42, 
horses 
88
, captive rufous bettongs, Aepyprymnus rufescens 
44
, captive tamarins, Sanguinus 
spp.
45
, wild black- and grey-headed flying foxes, Pteropus spp. 
46, 87
, yellow tailed black 
cockatoos, Calyptorhynchus funereus 
47
 and most recently in Tawny frogmouths, Podargus 
strigoides 
47, 49
 (Table 1). 
There are however many other wildlife species that can potentially be infected with 
Angiostrongylus spp.  As suggested previously 
36
, the presence of Angiostrongylus spp. can 
be a threat to endangered bird species such as the Eastern bristle bird, Dasyornis 
brachypterus, that prey on gastropods.  Despite the serious risk of Angiostrongylus spp. to 
wildlife and public health, no systematic survey of this nematode has ever been conducted 
in Australia to determine its prevalence and geographical distribution in rats in Eastern 
Australia. 
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Table 1. Native and introduced species known to have been affected by Angiostrongylus cantonensis in 
Australia 
58
.
 
It would seem that young children and animals are most at risk of infection with this insidious 
parasite, probably due to behavioral risk factors rather than innate susceptibility.  Therefore, the 
diagnosis of this potentially fatal disease should be considered in any adult or child, who 
presents, in endemic areas or areas with suitable intermediate hosts, with severe unrelenting 
headache, paresthesia, or cranial nerve palsy 
64
.  
1.2.4 Pathogenesis 
The main pathology of neuroangiostronyliasis in humans and dogs is the inflammatory response to 
the presence of larvae in the nervous system.  Once the larvae have migrated to the nervous system 
through intestinal veins, they physically damage the CNS tissue as a consequence of migration and 
cause eosinophilia in CSF by releasing antigens.  The eosinophilic cell infiltrate increases the CSF 
pressure and leads to a variety of neurological signs in the patient 
41.  T-cell populations, cytokines, 
immunoglobulins, matrix metalloprotienases and eosinophils are important components in the host 
cellular response to infection with A. cantonensis 
89
.  Peng et al. 
90
 showed that Interleukin 33 
mediates type 2 immunity and is involved in causing inflammation in the CNS of mice infected 
with A. cantonensis.  Type 2 immunity is characterized by the induction of CD4
+
 T helper (TH) 2 
cells, which secrete cytokines such as interleukin-4 (IL-4), IL-5, IL-9, and IL-13 causing the 
inflammatory response 
91
. 
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1.2.5 Clinical signs 
Angiostrongyliasis is typically an acute disease that spontaneously resolves within a few weeks, and 
is rarely fatal in adult humans 
2
.  The mean duration of the disease is 20 days, ranging from 6 to 34 
days 
15
.  In a 2008 Chinese outbreak of angiostrongyliasis, the mean estimated incubation period 
among the 33 human patients was 16 days, ranging from 3 to 50 days 
92
. 
Headache and nuchal rigidity are the most common signs in human patients and in dogs, 
paraesthesia and hind limb paresis are more common.  Other symptoms such as urinary 
incontinence, hyporeflexia of the hindlimbs, muscle atrophy and altered behaviour are signs of 
more severe infections when the brain, spinal cord and nerve roots are affected 
12, 14, 41
.  Figure 4 
shows different clinical symptoms of human cases of neural angiostrongyliasis in China.  More 
severe human cases can experience different degrees of face or limb paralysis, photophobia, 
diplopia, coma and seizure 
39, 93
.  In dogs signs such as hyperaesthesia, hind limb ataxia, conscious 
proprioception deficits, muscle atrophy, hyperreflexia or hyporeflexia, urinary incontinence, fecal 
incontinence, neck pain, depression, inappetence, vomiting and diarrhea have been observed 
41
.  
 
Figure 4. Clinical symptoms of human angiostrongyliasis with eosinophilic meningitis described by Wang et 
al. (2008). 
Although rare, ocular angiostrongyliasis has been reported in 36 patients from 10 countries and the 
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most common sign is loss of vision. After reaching the brain tissue, larvae can migrate along the 
surface of the brain and at the base of the brain, where they may transverse the optic nerve, 
travelling between the nerve and sheath until they enter the eye chamber 
6
.  A fifth stage A. 
cantonensis larvae were reported to be trapped between the optic nerve and nerve sheath and in the 
periorbital tissue in a rat 
94
. 
1.2.6 Diagnosis 
Clinical angiostrongyliasis is usually diagnosed based on patient history of ingesting molluscs, 
paratenic hosts or contaminated fresh produce.  Although eosinophilia of the CSF is a highly 
indicative feature of neuroangiostrongyliasis (when it reaches 4-10%), eosinophilia may not always 
be present in the CSF or in the peripheral blood on initial evaluation of the patient. As described by 
Slom et al. 
17
, the presence of headache, elevated intracranial pressure, and pleocytosis, with or 
without eosinophilia, in association with paraesthesia or hyperesthesia, is a good indicator of 
angiostrongyliasis. Despite the development of different diagnostic methods, observation of larvae 
in CSF is still the only definite way of diagnosing the disease, and has only been reported in rare 
cases 
95
. 
In humans, other symptoms such as xanthochromia, pleocytosis, increased cerebrospinal pressure 
and elevated CSF protein levels are major laboratory findings while glucose tends to be normal 
96
.  
Eosinophilic pleocytosis is present in the majority of human and dog cases and the percentage of 
eosinophils often exceeds 80% of the total cell count 
97
. 
Previous research on experimentally infected mice with A. cantonensis suggests that eosinophilia 
caused in angiostrongyliasis is related to interleukin-5 (IL5) stimulation and Th2- cytokine 
production which is basically underlying the innate resistance of the mouse against the nematode 
98
.  
As described by Liu et al. 
99
 the levels of specific IgG and IgE antibodies in sera of A. cantonensis 
infected mice increases significantly, which can be helpful as a diagnostic measure. 
For diagnosis of ocular angiostrongyliasis, intraocular infiltration of preservative-free Lidocaine to 
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paralyse the worms has increased the chance of identifying the highly motile worm in the eye 
chamber 
100
.  Imaging techniques, such as magnetic resonance imaging, can also reveal evidence of 
brain trauma and inflammation 
22
.  However these signs are not specific enough to relate the 
symptoms to neural angiostrongyliasis.   
To date, many serological tests have been developed to trace exposure to the presence of antibodies 
against A. cantonensis in serum and CSF samples, such as ELISAs to detect antibodies against 
Angiostrongylus spp.  Specific purified worm antigens such as 204 kD antigen 
66, 101
, 29 and 31 kD 
antigens 
102, 103
, excretory products in a coagglutination assay 
104
 and AW-3C2 antigen 
105
 have 
been utilized in many recent studies to improve the sensitivity and specificity of the ELISA test.  
However most of these diagnostic methods, reliable results depend on collection of CSF from 
patients as the specificity of ELISA methods on serum samples is questionable due to cross-
reactivity with other helminth infections such as Gnathostomia sp., Strongyloides sp. or filarial 
nematodes 
65, 66
.  Moreover, because antibody detection is not possible early in the infection, post-
infection diagnosis may solely rely on targeting detection of nematode DNA in the serum.  A 
method of antigen detection has been developed using an immune-PCR technique where a 
monoclonal antibody was used to capture circulating A. cantonensis antigens in CSF and serum 
samples of patients.  However the test showed a low diagnostic sensitivity especially for serum 
samples 
106
.  Therefore developing a rapid diagnostic kit to trace the parasite directly from serum 
sample with a higher sensitivity would ease the process of diagnosis.  Also, since all serological 
techniques have been developed using A. cantonensis, they might not be capable of identifying A. 
mackerrasae in serum samples and this might have been the cause of misdiagnosis and 
underestimation of the true incidence of the disease in Australia. 
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Differential diagnosis 
There are a number of infectious and non-infectious agents that can cause eosinophilic meningitis.  
Parasitic diseases such as gnathostomiasis 
107
; baylisascariasis 
108
; toxocariasis 
109
; spinal 
schistosomiasis 
110
 and cycticercosis 
111
 can cause eosinophilic meningitis.  Among those, 
gnathostomiasis is the most similar infections to be distinguished from angiostrongyliasis. 
Kanpittaya et al. 
107
 studied the CT images of brain in neuro-gnathostomiasis patients in 
comparison to a group of neuro-angiostrongyliasis patients and found significantly more patients 
with intracerebral hemorrhage and myelitis patterns in the gnathostomiasis group while the 
angiostrongyliasis patients had no specific findings and most cases had normal CT brain images. 
Eosinophilic meningitis has also been reported in bacterial, rickettsial and viral diseases such as 
neurosyphilis, tuberlculous meningitis, Rocky Mountain spotted fever and infection with chronic 
lymphocytic choriomeningitis virus 
108
. 
1.2.7 Treatment 
Treatment of angiostrongyliasis in most cases is confined to immunosuppressive therapy using 
glucocorticoids.  For instance treatment with prednisolone (60mg/d) is shown to be effective in 
human angiostrongyliasis 
112
.  Glucocorticoids reduce CSF pressure and inflammatory response 
associated with dead parasites within the CNS and minimizes the clinical signs.  It is thought that 
dead and degenerating larvae produce much more profound inflammation compares to living larva 
and for this reason use of anthelmintics is not usually recommended 
113
.  In contrast, Tu el at. 
114
 
showed significant reduction of worm recovery in the brain and reduction in leucocytes count 
within the CSF by using albendazole–dexamethasone co-therapy in experimentally infected mice. 
Li et al. 
115
 trialed a combination therapy using albendazole and a marine fungal extract in infected 
mice that resulted in significant improvement in symptoms.  In addition, an observational clinical 
study in Taiwan showed albendazole therapy to be efficient in children
116
.  Moreover, repeated 
lumbar punctures and corticosteroid therapy has been implemented as a supportive treatment to 
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eliminate severe headache and to decrease intracranial pressure 
17
.  Chen et al. 
117
 described a 
correlation between the level of serum zinc with the defense against infection by A. cantonensis in 
mice and suggested that supportive treatment using zinc supplements could also be helpful in 
treating the patients.  Recently a new broad spectrum anthelmintic drug has been trialed on 
Angiostrongylus-infected mice showing that Tribendimidine is an effective drug on worm reduction 
in infected mice and has a slight inflammatory response in comparison with Albendazole 
118
. 
1.2.8 Rationale for Project 
Although Australia is an endemic region for Angiostrongylus spp. 
14
, there are not many reports of 
human cases from Australia and it is likely that human infections are under-reported.  The most 
frequent symptom in humans is severe chronic headache for which patients are rarely hospitalized 
37
 and many cases might have been missed.  In Queensland, local surveys by Yong et al, 1981 
40
, 
showed that A. cantonensis occurred in populations of exotic rats in pockets along the river, and 
that virtually all slugs and snails could be experimentally infected, including Helix aspersa, the 
exotic European garden snail.  In a survey done by Stokes et al., published in 2007 
36
, the 
prevalence of A. cantonensis in coastal forests of south east Australia was reported to be 11.3% in 
summer with a prevalence of 14.7% in a particular site.  However, presence of Angiostrongylus 
spp. was not confirmed by molecular methods in the later study.  
Understanding the epidemiology of Angiostrongylus spp. in Australia is complicated by the 
presence of a nearly identical species, Angiostrongylus mackerrasae, in native rats Rattus fuscipes. 
While the introduced species A. cantonensis is known to be responsible for EME in a wide range of 
species in Australia, the role of the native species in animal and human disease is entirely unknown.  
However, previous studies have shown that A. mackerrasae is neurotropic and migrates to the brain 
of rats similarly to A. cantonensis 
38
.  Moreover, most of the recovered nematodes from cases of 
angiostrongyliasis in Australia have not been studied up to molecular level and there is a chance 
that A. mackerrasae has been mistakenly identified as A. cantonensis.  
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There remain many unexplored questions concerning Angiostrongylus in Australia.  It is not clear 
whether A. mackerrasae, the Australian species of Angiostrongylus is pathogenic to human and 
animals and its distribution is entirely unknown.  The prevalence of A. cantonensis and A. 
mackerrasae in the definite and intermediate hosts has not been investigated in Queensland up to 
molecular level and neither is understood which species of molluscs are the most important 
vehicles of the infection.  
Ascertaining the geographic presence of Angiostrongylus and the dynamic of the two species and 
their hosts are important to manage and prevent new cases of eosinophilic meningoencephalitis 
associated with ingestion of infective larvae in human and animals.  Therefore, more studies should 
be undertaken up to molecular level to explore the geographical spread of Angiostrongylus spp. in 
Australia and understand its impact on native fauna.  Moreover, developing a reliable diagnostic 
method poses an enormous public health and conservational value by providing both treatment 
indication and control tools to enable us understanding the associations between the two species as 
well as their definite host. 
1.2.9 Objectives, Hypothesis and Aims of this PhD project 
The overall objective of my thesis is to fill the gaps in the current knowledge on the epidemiology 
of Angiostrongylus spp. in Southeast Queensland. 
The 2 main hypotheses are: 
1. Angiostrongylus spp. are still prevalent in Rattus populations in Southeast Queensland 
and the prevalence of Angiostrongylus spp. is higher than previously reported. 
2. The native species of rat lungworm, A. mackerrasae could potentially infect human and 
non-permissive host.  
The aims of the thesis are to: 
i. To study the prevalence, geographical distribution and range of the two species of 
Angiostrongylus in feral and native rat populations of Southeast Queensland.  
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ii. To study the life cycle and pathogenicity of A. mackerrasae. 
iii. To genetically characterize A. mackerrasae and compare it with A. cantonensis. 
 
 
 
 
 
 
 
 
 
 
 
Chapter 2 
A survey of Angiostrongylus species in definitive hosts in 
Queensland 
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2.1  Publication 
This chapter is presented as a paper arising from my thesis research that is published in 
International Journal of Parasitology, Parasites and Wildlife.  The link to the publication can be 
found in Appendix B.  
Disclaimer: The text of this publication has been edited based on comments from the reviewers 
of this thesis. 
A survey of Angiostrongylus species in Queensland 
M. Aghazadeh, Simon A. Reid, Angela Cadavid Restrepo, Kieran V. Aland, 
Rebecca J. Traub, James S. McCarthy and Malcolm K. Jones.  
International Journal for Parasitology, Parasites and Wildlife 2015 
Volume 4, Issue 3, Pages 323-328. 
Abstract  
Despite the recent sporadic reports of angiostrongyliasis in humans, dogs and wildlife in Eastern 
Australia there has been no systematic study to explore the epidemiology of Angiostrongylus spp. in 
definitive and intermediate hosts in the region.  Little is known about the epidemiology of 
Angiostrongylus species in the definitive host in southeast Queensland, since the only survey 
conducted in this region was performed in the late 1960s.  In this study, free-living populations of 
Rattus spp. were sampled and examined for the presence of adult and larval Angiostrongylus in the 
lungs, and of larvae in faeces.  The prevalence of infection with Angiostrongylus spp. was 16.5% in 
Rattus spp trapped in urban Brisbane and surrounds. This prevalence is much higher than estimates 
of earlier studies.  This highlights the possible risk of zoonotic infection in children, dogs and 
wildlife in this region and indicates the necessity for public awareness as well as more detailed 
epidemiological studies on this parasite in Eastern Australia.  
Keywords:  Angiostrongylus cantonensis, A. mackerrasae, Rat lungworm, Australia, Rattus rattus, 
southeast Queensland 
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2.2  Introduction                    
Angiostrongylus is a genus of nematode belonging to the superfamily Metastrongyloidea.  The genus 
contains species characterised by a two-host life cycle that always involves a terrestrial and aquatic 
mollusc as intermediate host 
73
.  All species of Angiostrongylus live in the arteries of their 
definitive host and some have tropism to the central nervous system (CNS) in at least at one 
stage of their lifecycle in the mammal host.  The well-studied lungworm, Angiostrongylus 
cantonensis causes severe and sometimes fatal neurologic disease in accidental hosts, including 
humans, domestic animals and wildlife.  In humans, the clinical features involving CNS, include 
severe headache, radiculomyopathy and paralysis of cranial nerves 
39
, while in dogs, clinical signs 
include hyperesthesia, hind limb paresis and death 
3
.  Definitive hosts are infected by the ingestion 
of infected molluscs containing third-stage larvae of the parasite 
81
 or the mucus secreted from 
infected mollusc 
119
.  For accidental hosts, it was thought that ingested Angiostrongylus larvae 
migrate only as far as the brain.  However, a recent study showed that larvae may also continue to 
migrate to the pulmonary circulation and complete their development into adults in human 
4, 120
.   
Another species of rat lungworm, Angiostrongylus mackerrasae also occurs in Australia.  
Although there is no direct evidence that A. mackerrasae infects humans, it has recently been 
reported as a cause of severe lung pathology in a native flying fox (Pteropus alecto) 
50
.  So far 
definitive speciation of parasites that have caused human disease has been attributed to A. 
cantonensis. However, this assumption needs to be confirmed due to occurrence of A. mackerrasae 
in Australia. 
Although terrestrial molluscs are not commonly eaten as food in Australia, isolated incidences of 
individual cases of human neuro-angiostrongyliasis have occurred due to the accidental or 
voluntary (as a bet) ingestion of an infected mollusc 
5, 22, 23
.  In particular, A. cantonensis has been 
recognised as a cause of significant disease, especially in children 
24
.  In the last few years, human 
cases have been reported from New South Wales 
5, 22, 23
, raising concerns that neuro-
angiostrongyliasis may be emerging as a more significant public health issue in eastern Australia.  
Current knowledge of the epidemiology Angiostrongylus spp. throughout Australia is limited to 
small surveys of rats conducted in Queensland in the 1950s and 1960s 
31, 32
, a survey of rodents in 
the Gulf of Carpentaria in late 60s 
34
, two surveys of dogs in Queensland and New South Wales 
41, 63
 and a survey of rats in Jervis Bay in New South Wales between 2003 to 2005 
36
.  Most of the 
above rodent surveys were performed in non-urban areas, distant from human habitation and, 
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therefore, may not reflect the potential risk of human infection.  
The prevalence, distribution and the potential hotspots for transmission of Angiostrongylus spp. 
are unknown in eastern Australia. Hence this study aimed to place a step forward to investigate 
the presence of Angiostrongylus infection in the definitive host among randomly selected 
populations of Rattus spp. in southeast Queensland where the parasite has been previously 
reported.  
2.3  Materials and Methods 
2.3.1 Sample collection 
This study was approved by the QIMR Berghofer animal ethics committee (Project Ethic No: 
A1208-607M).  Introduced rats (R. rattus and R. norvegicus) and native rats (R. fuscipes and R. 
lutreolus) were trapped in different areas in and around Brisbane (mostly urban areas) between 
June 2012 and January 2015 (Figure 1) (under permit from the Department of Environment and 
Heritage Protection of the Queensland Government: WIS12109412.  Brisbane is a city located in 
southeast Queensland, Australia where the average annual temperature ranges between 16.2 °C to 
26.4˚C and the average annual rainfall is approximately 1,149.1 mm.  An additional survey was 
conducted in Cairns, north Queensland in May 2014 where the annual temperature ranges between 
20.8 °C to 29.0˚C and the average annual rainfall is approximately 2010.7 mm.  Trap sites were 
chosen non-randomly based on the reported presence of Rattus species.  
Wire cage traps baited with peanut butter and rolled oats were placed along walls or fences at least 
2 meters apart for at least one week with nightly rebaiting.  The location of the traps was recorded 
using spatial coordinates obtained by global positioning system (GPS).  Each trapped rat was 
euthanized on site using a portable carbon dioxide chamber.  Rats were then transported to the 
laboratory where the lungs and pulmonary vasculature were examined for the presence of adult 
lungworms.  Each adult male Angiostrongylus recovered from lungs of positive rats was examined 
to determine the species based on the spicule length of male worm described by Bhaibulaya 
32
 as 
illustrated by Aghazadeh et al. 
121
 and here (Figure 2).   
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Figure 1. Images of two principal Rattus spp., Angiostrongylus cantonensis and its putative intermediate 
host from a survey conducted in Brisbane, Australia, 2012-2014. A: Rattus rattus was the most prevalent 
species of rat found in this survey. B: Rattus fuscipes. C: Adult A. cantonensis in pulmonary arteries of 
Rattus rattus. D: Helix aspersa found is Brisbane harbouring Angiostrongylus larvae. 
All the recovered Angiostrongylus spp were preserved in 70% ethanol for later molecular testing.  
Samples of kidney, liver, spleen and faeces were also collected from each rat and stored at -20˚C 
for further analyses.  The dimensions of the spleen were recorded for each rat and splenic size was 
calculated using the formula described by Araujo et al. 
122
 in order to investigate any association 
between Angiostrongylus infection and splenomegaly. 
The prevalence of Angiostrongylus spp. in intermediate hosts was determined by sampling mollusc 
species from different areas in Brisbane and surrounds, and digested using an artificial gastric 
solution (2g of 1:3000 Pepsin: Amresco LLC, OH, USA and 8ml of 36% HCl in 1 L of water). The 
digests were then visually examined using light microscopy to identify first to third-stage larvae of 
Angiostrongylus spp.  
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Figure 2.  Adult Angiostrongylus spp. recovered from pulmonary arteries of Rattus rattus (A. cantonensis) 
and Rattus fuscipes (A. mackerrasae) trapped in Brisbane, Australia, 2012-2015. A: Posterior end of female 
A. cantonensis; B: Posterior end of female A. mackerrasae: The distance between vulva and posterior end is 
very similar between the two species; C: Male A. cantonensis and D: Male A. mackerrasae:  Spicule length 
is about 2.5 times longer in A. cantonensis. 
 
2.3.2 Data analysis 
The associations between Angiostrongylus infection, the worm burdens and rat body weight, 
maturity for both rodent groups (introduced or native) were evaluated using the Chi-square test 
(for dichotomous variables) and Independent T-test (continuous variables) using IBM SPSS 
Statistics for Windows (Version 22.0. Armonk, NY: IBM Corp.) with a 95% confidence level.  
Maturity of rodents was determined by using 100 grams as the threshold between adult (>100g) 
and juveniles.  Two individual R. fuscipes were excluded from the analysis because they were 
euthanized following microscopic examination of their faeces to confirm infection.   
An administrative boundary map of Queensland was downloaded from the DIVA- website (DIVA-
GIS 2012) and linked by location to the geo-referenced angiostrongyliasis dataset using the 
Quantum GI  software package, version 1.8.0, ‘Lisboa’ (Quantum GI  Development Team 2012). 
The mean prevalence of infection and binomial 95% confidence intervals were calculated.  
A B 
C D 
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Statistical significance of any observed differences in proportion were assessed using Chi-square 
test at a 95% confidence level. 
In addition, the calculated size of spleens were compared between the infected and non-infected 
rats using Mann-Whitney test (Graph Pad Prism, version 6) in order to investigate an association 
between spleen size and Angiostrongylus spp. infection.    
 
2.4  Results 
A total of 402 rats were trapped in Brisbane and its surrounds (375) and in North Queensland (27).  
The majority of trapped rats were introduced, belonging to R. rattus (325/340: 95.5%) with smaller 
numbers of R. norvegicus (15/340: 4.5%).  Of the 62 native rats that were trapped, the majority 
were R. fuscipes (55/62: 88%) followed by R. lutreolus (5/62: 8%) and R. sordidus (2/62: 3%) 
(Table 1).  
A significantly higher proportion of adult introduced rats were found to be infected with 
Angiostrongylus spp. compared to juvenile introduced rats (p=0.012) (Table 2).  A higher (not 
significant) proportion of adult native rats were infected with Angiostrongylus spp. compared to 
juvenile native rats.  The prevalence of Angiostrongylus spp. infection was higher (not significant) 
in native rats (26.7%; 95% CI 16.1-39.7%) compared to introduced rats (16.5%; 95% CI 12.7-
20.8%) (p=0.68).  
A total of 47 and eight adult male worms were recovered from 29 introduced and five native rats, 
respectively.  An overlap was observed in the differences between adult female worms (length of 
vulva, distance from vulva to the posterior end and the distance from anus to the posterior end), 
similar to the range described by Bhaibulaya 
32
.  Hence, the species identification was not possible 
based on only female worms. Mixed infections were not observed in this study. 
The mean bodyweight of all infected rats was significantly higher compared to uninfected rats 
(p=0.44) (Table 2).  All infected juvenile rats were significantly heavier compared to uninfected 
juvenile rats (p=0.001).  The mean bodyweight of infected juvenile introduced rats was significantly 
higher compared to uninfected introduced juvenile rats (p=0.007). There was no significant 
difference in the body weight of infected and uninfected adult introduced rats.  Infected adult native 
rats had a lower (not significant) bodyweight compared to uninfected adult native rats (p=0.085). 
Also, there was no difference in the body weights of infected and uninfected adult introduced rats 
and juvenile native rats.  The mean worm burden was higher (not significantly) in introduced rats 
compared to native rats (p=0.282) and in all adult compared to all juvenile rats (p=0.007).  Among 
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introduced rats species, adults had more worms than juveniles (p=0.024) but no age differences in 
intensity were seen among native rat species.  
Most of the infected rats were trapped in areas that were in close proximity to either a creek 
(stream) or to the Brisbane River (Figure 3 and Table 3).  A seasonal pattern was also seen for the 
presence of infection in introduced rats where a higher percentage of rats were found to be infected 
among rodents collected between April and July.  The Rattus spp. collected in North Queensland 
comprised 5% of the total sample and were all negative for the presence of Angiostrongylus spp. in 
the lungs, heart and faeces.  Statistical analysis of the spleen showed no significant difference 
(p=0.059) in the size of the spleens between the infected and uninfected Rattus species. 
Ten different species of molluscs were collected from Brisbane and its surrounds (Table 4). Only 1 
(Helix aspersa) of the 87 individual molluscs collected from the suburb of Moggill was found to be 
infected with 2 Angiostrongylus larvae. 
Table 1. Rattus species examined in this survey and the number of each species harbouring Angiostrongylus 
species. 
Rat species Locality No. examined No. Infected  % positive 
Rattus rattus SE and N
*
 QLD 325 52 16 
Rattus norvegicus SE and N QLD 15 4 27 
Rattus fuscipes SE QLD 53 14 26 
Rattus lutreolus SE QLD 5 2 40 
Rattus sordidus N QLD 2 0 0 
SE QLD= Southeast Queensland; N=North. 
*
Rattus species collected in N QLD did not harbour Angiostrongylus species. 
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Figure 3.  Areas in Queensland, Australia (S23.0, E143.0) that sampling was performed for a survey of 
introduced and native Rattus spp. for infection with Angiostrongylus spp., 2012-2015.  NB:  white circles 
represent locations where infected rats were trapped and black circles where uninfected rats were trapped. 
 
 
Table 2: The mean weight and Angiostrongylus spp. burden in native and introduced Rattus spp. trapped in 
Queensland, Australia, 2012-2015. 
Species Maturity 
Infected   Not infected 
Total
* 
No. Weight (g) No. worms   No. Weight (g) 
R. fuscipes 
Adult 11 141.1 7.4   26 154.4 37 
Juvenile 3 95.7 2.0   10 88.3 13 
R. lutreolus 
Adult 2 149.2 1.8 
 
2 147.6 4 
Juvenile - - - 
 
1 89.2 1 
R. norvegicus 
Adult 3 176.7 6.5 
 
9 165.2 12 
Juvenile 1 96.6 3.0 
 
3 79.0 4 
R. rattus 
Adult 46 154.9 11.3 
 
195 157.6 241 
Juvenile 6 86.6 5.0 
 
77 74.8 83 
R. sordidus 
Adult - - - 
 
1 150.9 1 
Juvenile  -  -  -  1 61.3 1 
    *
The Weights of 6 native rats were not recorded and therefore was deducted from this table. 
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Table 3. List of areas in Queensland that Rattus samples were collected from between 2012 to 2015. 
Localities with Angiostrongylus infected Rattus spp are shown. 
 
 
Suburb 
 
Latitude 
 
Longitude 
 
Angiostrongylus spp 
 
Prevalence (%) 
Julatten, NQLD S 16.58631 E 145.33828 - - 
North Cairns S 16.9036333 E 145.7558924 - - 
Redlynch, NQLD S 16.955501 E 145.689729 - - 
Atherton, NQLD S 17.26051 E 145.51797 - - 
Lawes S 26.406888 E 152.89913 - - 
Cooroy S 26.40888 E 152.93266 8/23 34.7 
Carters ridge S 26.4551303 E 152.7673416 - - 
Kobble Creek S 27.25165 E 152.80797 - - 
Nudgee beach S 27.3154 E 153.1239 - - 
Chermside S 27.3310247 E 153.0582487 2/6 33.3 
Mt Glorious S 27.34661 E 152.77018 1/30 3.3 
The Gap S 27.442556 E 152.936348 5/10 50 
Herston S 27.44944 E 153.02932 3/5 60 
Redhill S 27.454763 E 152.999868 - - 
Brisbane City S 27.46888 E 153.0239 - - 
South Brisbane S 27.46972 E 153.01543 - - 
Auchenflower S 27.47396 E 152.99036 - - 
Mt Coot-tha S 27.47653 E 152.97472 - - 
Norman Park S 27.476723 E 153.059613 1/3 33.3 
Ransome S 27.48811 E 153.18057 - - 
Upper Brookfield S 27.49804 E 152.90529 4/15 26.6 
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St Lucia S 27.50566 E 153.00091 7/38 18.4 
Woolloongabba S 27.510508 E 153.026782 - - 
Capalaba S 27.52291 E 153.19711 7/13 53.8 
Fig Tree Pocket S 27.532933 E 152.969297 - - 
Bellbowrie S 27.5637147 E 152.8854058 - - 
Moggill S 27.569459 E 152.877113 14/84 16.6 
Caloundra S 27.57081 E 152.35273 1/1 100 
Sheldon S 27.5808646 E 153.213923 - - 
Silkstone S 27.619106 E 152.806867 6/18 33.3 
Parkinson S 27.62073 E 153.03505 - - 
Redland Bay S 27.6322924 E 153.3074069 - - 
Springwood S 27.641253 E 153.132301 3/8 37.5 
Logan city S 27.66826 E 153.06856 6/20 30 
 
Table 4. List of mollusc species and the areas from which they were collected in Queensland between 2012 
to 2013. 
Mollusc species Sampling location 
Bradybaena similaris Alderley, Herston, Spring Hill, Birkdale 
Deroceras panormitanum Birkdale, Oxley Common 
Hedleyella falconeri Mt Tamborine 
Helicarion sp Alexandra Hill, Moggill 
Helix aspersa Moggill
*
, Herston, Gatton 
Lehmannia nyctelia Spring Hill, Moggill, Elimbah 
Limax maximus Elimbah 
Stanisicarion virens Alexandra Hills, Maleny 
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Teriboniophorus graeffei Kenmore, Alexandra Hill 
Terrycarlessia turbinate Elimbah 
*The only suburb in which Angiostrongylus spp. larvae was found in molluscs. 
2.5  Discussion 
The results of this study revealed a relatively high prevalence of Angiostrongylus spp. in rats in 
urban Brisbane and some surrounding areas., surpassing the two previous surveys of 
Angiostrongylus, conducted in Queensland  
32
 and in New South Wales 
36
.  The high prevalence 
indicates that a relatively large reservoir and infection pressure exists for dogs and children in 
Brisbane.  Despite the wide distribution of the parasite in urbanized regions of Brisbane city, 
reported human cases from this part of Australia are rare.  However, there is a possibility that the 
disease is under-diagnosed or if cases are detected, are not reported.  One reason for poor diagnosis 
of angiostrongyliasis is that patients with Angiostrongylus infection may not display symptoms 
characteristic of the disease upon first presentation to clinics.  Typical signs, such as blood and 
CSF eosinophilia, and sero-conversion are not always present in early stages of infection 
123
.  In 
fact, sero-conversion might never occur in small children 
5, 120
.  It has also been reported that the 
clinical signs can be mild and the disease might be self-limiting based on the intensity of infection 
and the immune response of the patient 
37
.  This suggests that it would be necessary to raise the 
awareness of clinicians as well as the general public to the presence of this parasite and route of 
infection.  Furthermore, educational programmes such as the school booklet developed by 
researchers at University of Hawaii 
124
 may be beneficial in eastern Australia to raise awareness 
about neural angiostrongyliasis. 
The observation that a higher proportion of adult rats was infected and that these rats had a higher 
intensity of infection with Angiostrongylus spp. is in agreement with previous studies on A. 
cantonensis 
85
 and other long lived helminth infections 
125, 126
.  This most likely reflects that 
longevity of infection and gradual accumulation of new and repeat infections (trickle infection) in 
individual animals.  It was interesting to note the apparent negative association between 
bodyweight and intensity of infection only in native adult rats.  Whilst this result was not 
statistically significant it may suggest that native rats are adversely affected by Angiostrongylus 
spp. infection in adulthood.   
Furthermore, the small sample size of native rats in this study may have masked a more significant 
trend in bodyweight.  This association was not observed in introduced rats, which are the natural 
host of A. cantonensis. If A. mackerrasae is more pathogenic in native rats then it is possible that it 
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has not been present in Australia for the same duration as its native rat host species.  However, this 
disagrees with the hypothesis proposed by Prociv et al. 
37
 who suggested that the limited 
geographic and host range of A. mackerrasae (i.e. it is only present in Australia and found only in 
native Rattus spp.) suggests the result of a long co-evolution.  This is important because the origin 
of Angiostrongylus spp. in Australia is still unknown and recent studies have shown that A. 
cantonensis and the native A. mackerrasae are almost indistinguishable using molecular tools and 
may represent recently divergent, or diverging species (Aghazadeh et al., 2015, unpublished data). 
Although hybridization of the two species by Bhaibulaya 
38
 suggests that the two species are 
distinct and can form fertile female offspring.  
Southeast Queensland has a subtropical climate with a distinct wet season from November to May 
and a dry cooler season from June to October.  In this study, there is an observed seasonality in the 
prevalence of Angiostrongylus spp. infection, with an observed increase in prevalence one to two 
months after the start of rainy season in April and May.  This may be associated with an increase 
in the abundance of molluscs during the peak of the wet season in January and February adjusted 
for the approximate 60 days pre-patent period in infected rats 
76
.  Reports of the seasonal 
occurrence of angiostrongyliasis in humans in New Caledonia 
127
 and Hawaii 
35
 are associated with 
the peak vegetable-growing season in the cooler months, which was attributed to accidental 
ingestion of mollusc hidden in vegetables.  In these settings, vegetables are imported during the 
hot, wet season.  Lunn et al. 
41
 also recognised a seasonality pattern for infection in dogs in New 
South Wales with a peak in mid autumn to early winter, similar to this study.  However, it is 
difficult to make firm conclusion from the results of this study because sampling was not 
undertaken uniformly across the whole year.  Though, the link between the availability of molluscs 
for rats to ingest and seasonality seem biologically plausible. Seasonality also can affect the risk of 
ingestion of the parasite by human and other non-permissive hosts such as dogs.  
In conclusion, data obtained from this study confirm the high prevalence of Angiostrongylus spp. 
in native and introduced Rattus spp. in southeast Queensland and indicate the need for raising 
public awareness about this parasite in this region. The current data could form the basis for the 
development of a risk map for the presence of Angiostrongylus in different suburbs of Brisbane 
and for further research to investigate risk factors such as the correlation between rainfall and risk 
of infection with Angiostrongylus. 
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Molecular Characterization of the two Angiostrongylus species of 
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3.1  Publication 
This chapter is partly presented as a paper arising from my thesis research that is published in 
Parasites and Vectors. The link to the publication can be found in Appendix C.  
Disclaimer: The text of this publication has been edited based on comments from the reviewers 
of this thesis. 
The mitochondrial genome of Angiostrongylus mackerrasae as a basis for molecular, 
epidemiological and population genetic studies 
Mahdis Aghazadeh, Rebecca J. Traub, Namitha Mohandas, Kieran V. Aland, Simon A. Reid, James S. 
McCarthy and Malcolm K. Jones
 
Parasites and Vectors. 
Volume 8, Issue 1, 473. 
Abstract 
Angiostrongylus mackerrasae is a metastrongyloid nematode endemic to Australia, where it infects 
the native bush rat, Rattus fuscipes. This lungworm has an identical life cycle to that of 
Angiostrongylus cantonensis, a leading cause of eosinophilic meningitis in humans. The ability of 
A. mackerrasae to infect non-rodent hosts, specifically the black flying fox, raises concerns as to its 
zoonotic potential. To date, data on the taxonomy, epidemiology and population genetics of A. 
mackerrasae are unknown. Here, we describe the mitochondrial (mt) genome of A. mackerrasae 
with the aim of starting to address these knowledge gaps. The complete mitochondrial (mt) genome 
of A. mackerrasae was amplified from a single morphologically identified adult worm, by long-
PCR in two overlapping amplicons (8kb and 10kb). The amplicons were sequenced using the 
MiSeq Illumina platform and annotated using an in-house pipeline. Amino acid sequences inferred 
from individual protein coding genes of the mt genomes were concatenated and then subjected to 
phylogenetic analysis using Bayesian inference. The mt genome of A. mackerrasae is 13,640 bp in 
size and contains 12 protein coding genes (cox1-3, nad1-6, nad4L, atp6and cob), and two ribosomal 
RNA (rRNA) and 22 transfer RNA (tRNA) genes. The mt genome of A. mackerrasae has similar 
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characteristics to those of other Angiostrongylus species. Sequence comparisons reveal that A. 
mackerrasae is closely related to A. cantonensis and the two sibling species may have recently 
diverged compared with all other species in the genus with a highly specific host selection. This mt 
genome will provide a source of genetic markers for explorations of the epidemiology, biology and 
population genetics of A. mackerrasae. 
Keywords: Angiostrongylus mackerrasae, Mt genome, Illumina sequencing, rat lungworm, 
Metastrongyloidea. 
Background 
The rat lungworm, Angiostrongylus cantonensis, the cause of neural angiostrongyliasis in humans 
and animals has been described from most inhabited continents, including Australia. Another two of 
the 19 species of this genus are neurotropic, namely A. malaysiensis, a parasite of the forest rat, 
Rattus tiomanicus 
74, 77, 128
 in Southeast Asia, and A. mackerrasae, a parasite of the native bush rats, 
Rattus fuscipes and R. leucopus of Australia. The latter species of Angiostrongylus appears to occur 
in sympatry with A. cantonensis in Australia. To date, the genetic identity of the Australian native 
species of the rat lungworm, A. mackerrasae, has not been explored and there is no sequence data 
available for this species. Despite small morphological differences between the two species of 
Angiostrongylus present in Australia 
32
, it is uncertain if the morphological differences are 
accompanied by sufficient genetic divergence so as to support the concept that the two are indeed 
distinct species. Although A. mackerrasae is not known to infect humans, the ability of the parasite 
to produce patent infections in the lungs of the black flying fox (Pteropus alecto)
50
, also raises 
questions as to the pathogenicity of this species in non-permissive hosts, including humans.   
Angiostrongylus mackerrasae has been distinguished from the sympatric A. cantonensis, on the 
basis of distinct morphology of the reproductive system. For adult male A. cantonensis, the average 
length of the copulatory spicules is 1.24 mm, compared with 0.49 mm for A. mackerrasae 
32
. A 
morphometric analysis of 51 adult females of A. cantonensis and 64 adult females of A. 
mackerrasae by Bhaibulaya 
32
 revealed that the mean length of the vagina of A. cantonensis was 
2.10 mm, whereas for A. mackerrasae it was 1.39 mm.  However, there is an overlap in the range of 
vaginal length between the two species, making it difficult to identify the species by examining only 
the adult female 
121
. Additionally, the adult female of A. mackerrasae possesses a minute terminal 
projection at the tip of the tail, which in A. cantonensis is absent. Despite these morphological 
(phenetic) differences, little information is available on the epidemiology of these sympatric species 
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in Australia. Much remains to be investigated, including their host range, whether mixed species 
infections in the definitive hosts occur and, if so, whether they are capable of producing hybrids in 
nature.  
An important advance in understanding the epidemiology of Angiostrongylus species in Australia 
would arise from better understanding on genetic divergence of A. mackerrasae and A. cantonensis. 
Genetic markers, together with morphological characters, could be used to identify parasites 
associated with disease in humans, domestic and wild animals, as well as investigate the 
geographical distribution and host selection of A. mackerrasae and A. cantonensis in the large 
diversity of Rattus species that occur in Australia 
59
 and their intermediate hosts 
129
, areas hitherto 
unexplored.  In the present study, we took a first step towards addressing some of these areas by 
characterising the mt genome of A. mackerrasae as a rich source of genetic markers. We also 
genetically compared, for the first time, A. mackerrasae with its very closely related congener, A. 
cantonensis.  
Methods 
Sample collection and DNA extraction 
Ethical approval 
All animal experiments were approved by the Animal Ethics Committee of the QIMR Berghofer 
Medical Research Institute (project P1457) and ratified by the University of Queensland Animal 
Welfare Unit.  Specimens of Rattus fuscipes were collected from the Department of Environment 
and Heritage Protection of the Queensland Government (permit WIS12109412).  Specimens of 
Rattus fuscipes were trapped in Brisbane and surrounding regions using Eliot traps, baited with 
peanut butter and rolled oats. Rat faeces were directly examined by light microscopy for the 
presence of larvae consistent with Angiostrongylus sp. 
77
; rats harbouring the parasite were 
euthanized with an overdose of CO2 in a portable chamber for subsequent transport to the 
laboratory.  Specimens of Angiostrongylus recovered from the pulmonary arteries of infected rats 
were identified to species morphologically 
32
 and washed extensively in physiological saline. 
Genomic DNA was isolated from amid-body section (to avoid ovaries) of an individual adult 
female worm using the QIAGEN DNeasy blood and tissue extraction kit, according to 
manufacturer’s instructions (QIAGEN, Germany).   
Long PCR amplification 
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The complete mt genome of a single A. mackerrasae female worm was amplified by long-PCR 
using a high fidelity PCR enzyme (BD Advantage 2, BD Biosciences) as two overlapping 
amplicons (~8 kb and 10 kb) as described 
130
, using modified primers (Table 1) and an optimised 
annealing temperature (58˚C), employing a suitable positive (A. cantonensis DNA recovered from 
Australian Rattus rattus) and negative (i.e. no template) controls. Individual PCR products were 
resolved in separate lanes on an agarose gel (1% w/v) in TBE buffer (Tris/Borate/EDTA) and 
stained with SYBR®Safe gel stain (Life Technologies). Individual PCR products (~ 8 kb and 10 
kb) were excised from the gel and purified using the QIAquick gel extraction kit (QIAGEN, 
Germany). 
Sequencing and data analyses 
Short-insert libraries (100 bp) were constructed from the purified products and then sequenced 
using Mi-seq technology (Illumina platform; Yourgene, Taiwan).  FastQC (Babraham 
Bioinformatics: www.bioinfomatics.babraham.ac.uk) was utilised to assess the quality of sequence 
data and the paired-end reads were filtered using Trimmomatic (http://www.usadellab.org/cms). De 
novo assembly of the sequences was performed using SPAdes 3.0.0 Genome Assembler 
(http://bioinf.spbau.ru/en/spades).  The program was run for all odd k-mer sizes between 21 and 125 
(inclusive).  The k-mer size providing the largest scaffold was selected for further analysis. 
Following assembly, the mt genome of A. mackerrasae was annotated using a semi-automated 
bioinformatic pipeline 
131
.  Each protein coding mt gene was identified by local alignment 
comparison (performed in all six frames) using amino acid sequences from corresponding genes 
from mt genomes of A. vasorum, A. cantonensis and A. costaricensis; accession nos.NC_018602, 
GQ398121 and GQ398122, respectively 
132, 133
.  The large and small subunits (rrnL and rrnS) of mt 
ribosomal RNA genes were identified by local alignment, and all transfer RNA (tRNA) genes were 
predicted and annotated based on available data from selected nematode superfamilies, (the 
Metastrongyloidea, Trichostrongyloidea, Ancylostomatidea and Strongyloidea).  Annotated 
sequence data were imported using the program SEQUIN (available via 
http://www.ncbi.nlm.nih.gov/Sequin/) for the final verification of the mt genome organisation and 
subsequent submission to the GenBank database.  The amino acid sequences translated from 
individual genes of the mt genome of A. mackerrasae were then concatenated and aligned to 
sequences for 18 species for which mt genomic data sets were available using the program 
MUSCLE 
134
.  
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Phylogenetic analysis of amino acid sequence data was conducted by Bayesian inference (BI) using 
Monte Carlo Markov Chain analysis in the program MrBayes v.3.2.2 
135
.  Bayesian analysis is more 
widely accepted and more accurate than the other methods due to the integration of Markov chain 
monte carlo algorithm.  The optimal model of sequence evolution was assessed using a mixed 
amino acid substitution model, with four chains and 200,000 generations, sampling every 100th 
generation; the first 25% of the generations sampled were removed from the analysis as burn-in.  In 
addition, a sliding window analysis was performed on the aligned, complete mt genome sequences 
of the three Angiostrongylus species using the program DnaSP v.5 (http://www.ub.edu/dnasp/).  
A sliding window of 300 bp (steps of 10 bp) was used to estimate nucleotide diversity (π) over the 
entire alignment; indels were excluded using DnaSP.  Nucleotide diversity for the entire alignments 
was plotted against midpoint positions of each window, and gene boundaries were defined.  
Pairwise analyses were also performed using amino acid sequences predicted from protein coding 
genes of the four Angiostrongylus species to identify regions of different magnitudes of amino acid 
diversity. 
Results 
Characteristics of mt genome of A. mackerrasae 
The circular mt genome of A. mackerrasae is 13,640 bp in length (Fig. 1), similar in length to those 
of A. cantonensis (13,497 bp), A. costaricensis (13,585 bp)
133
 and A.vasorum (13,422 bp)
132
.  
Consistent with the pattern seen in other metastrongyloids 
132, 133, 136
, the mt genome of A. 
mackerrasae is AT-rich, with T being the most frequent and C being the least frequent nucleotides.  
The nucleotide composition of the mt DNA of A. mackerrasae was 24.42% for A, 20.81% for G, 
6.35% for C and 48.42% for T (Table 2).  The mt genome contains 12 protein coding genes (cox1-3, 
nad1-6, nad4L, atp6and cob), as well as two ribosomal RNA (rRNA) and 22 transfer RNA (tRNA) 
genes. All of the 36 genes are transcribed in the same direction (5’>3’) (Figure 1).  
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Figure 1. Schematic representation of the circular mitochondrial genome of Angiostrongylus mackerrasae. 
Each transfer RNA gene is identified by one letter amino acid code on the outer side of the map. All genes 
are transcribed in the clockwise direction. 
 
Table 1. Oligonucleotides used in this study. 
Oligonucleotide Sequence   Position Reference 
5F-Mod TATATGAGCGTCATTTATTAGG nad1 This study 
44R-Mod CTACCTTAATGTCCTCACGC rrnL This study 
39F TCTTAGCGTGAGGACATTAAG rrnL Hu et al, 2007
2
 
42R-Mod CCTAATAAATGACGCTCATAAG nad1 This Study 
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Table 2. Nucleotide composition (%) for the entire or regions of the mitochondrial genome of 
Angiostrongylus mackerrasae, Angiostrongylus cantonensis, Angiostrongylus vasorum and Angiostrongylus 
costaricensis. 
Species   
Length 
(bp) A C T G A+T 
        
Angiostrongylus 
mackerrasae 
Entire 
sequence 13640 24.42 6.35 48.42 20.81 72.84 
 Protein genes 10341 21.79 6.44 49.92 21.85 71.71 
 RNA genes 1659 32.07 6.93 43.40 17.60 75.47 
        
Angiostrongylus 
vasorum 
Entire 
sequence 13646 21.13 6.04 46.85 24.33 67.98 
Protein genes 10579 18.49 6.05 48.2 25.53 66.69 
RNA genes 1688 29.98 6.22 42.3 19.79 72.28 
        
Angiostrongylus 
cantonensis 
Entire 
sequence 13722 24.2 6.1 48.0 20.2 72.2 
Protein genes 10642 21.6 6.2 49.4 21.4 71.0 
RNA genes 1688 31.7 6.0 43.7 16.9 75.4 
        
Angiostrongylus 
costaricensis 
Entire 
sequence 13812 25.0 6.5 47.0 20.0 72.0 
Protein genes 10514 22.5 6.7 48.4 20.8 70.9 
RNA genes 1692 32.3 6.4 42.3 17.3 74.6 
 
 
Protein genes 
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The initiation and termination codons were predicted for protein-encoding genes of A. mackerrasae 
and were then compared with those of A. cantonensis, A. costaricensis and A. vasorum (Table 3).  
The most common start and stop codons for A. mackerrasae was TTG (for 6 of the 12 proteins) and 
TAG (for 6 of the 12 proteins).  The codon usage of the 12 protein coding genes was compared with 
A. cantonensis, A. costaricensis and A. vasorum (Table 4).  The most frequently used codon was 
TTT (Phe) and TTG (Leu), similar to those in mt genomes of A. cantonensis, A. vasorum and A. 
costaricensis. In addition, the least frequently used codons in the mt genome of A. mackerrasae 
were ATC (Ile) and ACC (Thr) and CTC (Leu), whereas it was TCC (Ser) for A. vasorum, TGC 
(Cys) for A. cantonensis and TGC (Cys), GAC (Asp), CTC (Leu) and ACC (Thr) for A. 
costaricensis. Of the 64 possible codons, 62 were used in mt genome of A. mackerrasae. Codons 
TCC (Ser) and CGC (Arg) were not used. Full sequences of protein coding genes is attached as 
Appendix D. 
Table 3. Comparison of the positions of protein coding genes in the mt genomes of Angiostrongylus 
mackerrasae, Angiostrongylus cantonensis, Angiostrongylus vasorum and Angiostrongylus costaricensis and 
the start and stop codons for protein-coding genes as well as the lengths of their predicted amino acid 
sequences. 
Gene  Positions  Initiation / Termination codons and amino acid 
sequence lengths (aa) 
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cox1 1-
1578 
1 – 1573 1-1579 1-1579 ATT-
TAA 
(525) 
ATA-TAA 
(523) 
ATT-TAG 
(525) 
ATT-TAA 
(525) 
trnC 1578
-
1637 
1577 – 
1634 
1578-
1634 
1579-
1634 
    
trnM 1637
-
1697 
1637 – 
1695 
1637-
1693 
1635-
1693 
    
trnD 1702 1699 – 1702- 1695-     
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-
1755 
1755 1754 1748 
trnG 1755
-
1811 
1755 – 
1808 
1755-
1811 
1752-
1809 
    
cox2 1811
-
2503 
1808 – 
2504 
1812-
2505 
1810-
2503 
TTG-
TAG 
(230) 
ATT-TAG 
(231) 
TTG-TAG 
(230) 
TTG-TAA 
(230) 
trnH 2502
-
2557 
2505 – 
2560 
2503-
2557 
2509-
2564 
    
rrnL 2625
-
3586 
2557 – 
3518 
2558-
3519 
2565-
3531 
    
nad3 3586
-
3921 
3521 – 
3854 
3517-
3853 
3531-
3867 
TTG-
TAA 
(111) 
TTG-TAG 
(111) 
TTG-TAG 
(111) 
TTG-TAG 
(111) 
nad5 3924
-
5501 
3886 – 
5453 
3855-
5437 
 3880-
5461 
ATA-
T 
(514) 
ATA-T (544) ATA-T (526) ATA-T (526) 
trnA 5506
-
5560 
5453 – 
5507 
5437-
5491 
5462-
5516 
    
trnP 5796
-
5850 
5726 – 
5783 
5723-
5777 
5782-
5835 
    
trnV 5856
-
5910 
5787 – 
5840 
5782-
5835 
5838-
5892 
    
nad6 5919
-
6344 
5850 – 
6276 
5845-
6271 
5901-
6333 
ATG-
TAG 
(141) 
ATG-TAG 
(141) 
ATG-TAG 
(141) 
ATG-TAG 
(143) 
nad4L 6345
-
6279 – 6271- 6333- ATT- ATT-T (76) ATT-T (76) ATT-T (76) 
Chapter 3 
 
53 
 
6578 6511 6503 6564 T (77) 
trnW 6577
-
6633 
6511 – 
6568 
6503-
6559 
6565-
6623 
    
trnE 6635
-
6691 
6569 – 
6623 
6561-
6615 
6631-
6689 
    
rrnS 6694
-
7390 
6622 – 
7318 
6616-
7312 
6690-
7385 
    
trnS 
(UCN) 
7390
-
7444 
7319 – 
7375 
7311-
7366 
7385-
7439 
    
trnN 7445
-
7501 
7374 – 
7428 
7365-
7420 
7438-
7497 
    
trnY 7506
-
7566 
7433 – 
7487 
7425-
7484 
7502-
7556 
    
nad1 7652
-
8500 
7485 – 
8361 
7485-
8361 
7557-
8430 
ATT-
TAG 
(291) 
TTG-TAG 
(291) 
TTG-TAG 
(292) 
TTG-TAG 
(290) 
atp6 8503
-
9102 
8366 – 
8963 
8363-
8963 
8445-
9045 
 ATT-TAA 
(198) 
ATT-TAG 
(200) 
ATT-TAG 
(200) 
trnK 9104
-
9164 
8966 – 
9026 
8964-
9024 
9046-
9105 
    
trnL 
(UUR) 
9165
-
9221 
9029 – 
9083 
9025-
9080 
9107-
9162 
    
trnS 
(AGN) 
9222
-
9084 – 
9136 
9080-
9132 
9163-
9215 
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9267 
nad2 9268
-
1011
9 
9136 – 
9979 
9131-
9980 
9215-
10064 
TTG-
TAG 
(283) 
TTG-TAG 
(281) 
TTG-TAG 
(282) 
TTG-TAA 
(282) 
trnI 1013
3-
1018
9 
9988 – 
10045 
9991-
10047 
10071-
10124 
    
trnR 1018
9-
1024
3 
10045 – 
10097 
10048-
10102 
10125-
10176 
    
trnQ 1024
4-
1030
0 
10098 – 
10151 
10102-
10157 
10178-
10232 
    
trnF 1030
0-
1035
6 
10155 – 
10211 
10158-
10213 
10235-
10291 
    
Cob 1035
6-
1146
5 
10212 – 
11319 
10214-
11324 
10300-
11401 
TTG-
TAA 
(369) 
TTG-TAG 
(369) 
TTG-TAA 
(369) 
ATG-TAG 
(366) 
trnL 
(CUN) 
1146
5-
1152
0 
11326 – 
11385 
11323-
11378 
11401-
11456 
    
cox3 1152
1-
1229
1 
11377 – 
12145 
11379-
12145 
11457-
12225 
TTG-
TAG 
(256) 
ATT-TAA 
(256) 
TTG-T (255) TTG-T (254) 
trnT 1228
7-
12143 – 
12199 
12145-
12202 
12223-
12280 
    
Chapter 3 
 
55 
 
1234
4 
nad4 1234
5-
1357
4 
12199 – 
13420 
12203-
13433 
12281-
13511 
TTG-
TAG 
(409) 
TTG-TAG 
(406) 
TTG-TAG 
(409) 
TTG-TAA 
(409) 
         
 
Table 4. Number of codons and percentage of codon usage (%) of the protein coding genes in mt genome of 
A. mackerrasae. 
 
 
 
 
Angiostrongylus  
mackerrasae 
Angiostrongylus 
vasorum 
Angiostrongylus 
cantonensis 
Angiostrongylus 
costaricensis 
Non-polar 
 
 
   Alanine GCN 78(0.32) 88 (2.54) 75 (1.66) 52 (1.16) 
Isoleucine ATY 190 (5.52) 226 (6.53) 290 (6.40) 306 (6.80) 
Leucine CTN 25 (0.73) 23 (0.67) 135 (2.98) 152 (3.38) 
Leucine TTR 571 (16.59) 566 (16.36) 511 (11.28) 453 (10.07) 
Methionine ATR 212 (6.16) 148 (4.27) 225 (4.97) 191 (4.25) 
Phenylalanine TTY 472 (13.71) 461 (13.32) 614 (13.56) 675 (15.00) 
Proline CCN 77 (2.24) 71 (2.05) 57 (1.26) 35 (0.78) 
Tryptophan TGR 67 (1.95) 58 (1.68) 181 (4.00) 216 (4.80) 
Valine GTN 315 (9.15) 368 (10.63) 370 (8.17) 409 (9.09) 
  
 
   Polar 
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Aspargine AAY 115 (3.34) 92 (2.66) 146 (3.22) 155 (3.45) 
Cysteine TGY 51 (1.48) 77 (2.22) 156 (3.45) 209 (4.65) 
Glutamine CAR 41 (1.19) 38 (1.1) 46 (1.02) 32 (0.71) 
Glycine GGN 213 (6.19) 224 (6.47) 246 (5.43) 237 (5.27) 
Serine AGN 237 (6.89) 245 (7.08) 238 (5.29) 297 (6.56) 
Serine TCN 146 (4.24) 136 (3.94) 111 (2.48) 111 (2.45) 
Threonine ACN 88 (2.56) 77 (2.22) 102 (2.25) 56 (1.24) 
Tyrosine TAY 195 (5.66) 192 (5.55) 288 (6.36) 241 (5.36) 
  
 
   Acidic 
 
 
   Aspartate GAY 66 (1.92) 70 (2.02) 122 (2.69) 116 (2.58) 
Glutamate GAR 85(2.47) 80 (2.31) 105 (2.32) 131 (2.91) 
  
 
   Basic 
 
 
   Arginine CGN 32 (0.93) 161 (4.65) 33 (0.73) 34 (0.76) 
Histidine CAY 55 (1.60) 53 (1.53) 48 (1.06) 36 (0.80) 
Lysine AAR 101 (2.93) 93 (2.69) 161 (3.56) 155 (3.45) 
 
Transfer RNA and Ribosomal RNA genes 
Twenty two tRNA genes were located in the mt genome of A. mackerrasae.  The gene sequences 
ranged between 52 to 61 nt in length, identical to A. vasorum 
132
. 
The rrnS and rrnL genes of A. mackerrasae were determined by sequence comparison with A. 
cantonensis, A. costaricensis and A. vasorum.  As previously described for A. vasorum 
132
, the two 
genes were separated from each other by protein-encoding genes, including nad3, nad5 and nad4L 
(Fig. 1). The size of rrnS gene of A. mackerrasae was 696bp and the rrnL was 961bp. The size of 
both genes was identical to those described for A. vasorum 
132
 and Bunostomum trigonocephalum 
137
 and very similar to the size of rRNAs described previously for other nematodes (Table 5). 
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Table 5.  The length of ribosomal RNA genes of A. mackerrasae in comparison with rRNA of other 
nematodes described previously. 
Species rrnS rrnL Reference 
Angiostrongylus mackerrasae 696 961 This study 
Angiostrongylus vasorum 696 961 
132
 
Ascaris suum 700 960 
132
 
Bunostomum trigonocephalum 696 961 
137
 
Bunostomum phlebotomum 694 961 
137
 
Caenorhabditis elegans 697 953 
132
 
Onchocerca volvulus 684 987 
138
 
Setaria digitate 672 971 
138
 
Trichinella spiralis 688 9047 
139
 
Trichuris discolour 663 988 
140
 
Trichuris ovis 699 989 
140
 
 
Genetic comparison between A. mackerrasae and other Angiostrongylus species, as well as other 
strongylid nematodes 
The analysis of nucleotide variation across the mt genomes between or among A. mackerrasae, A. 
vasorum, A. cantonensis and A. costaricensis showed the most diversity in the rrnL, nad6 and 
atp6genes and in the 5’-end of nad5 and 5’- and 3’-ends of nad4. Least diversity was observed in 
the cox1, cox2 and rrnS genes (Figure 2). 
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Figure 2. Sliding windows analysis of complete mitochondrial genome of Angiostrongylus mackerrasae.  
The black line indicates nucleotide diversity in a window size of 300 bp. 
Pairwise comparisons of the concatenated amino acid sequences of A. mackerrasae, A. cantonensis, 
A. costaricensis and A. vasorum ranged from 70.63% to 99.57% between different protein coding 
genes and showed higher identity between A. mackerrasae and A. cantonensis, ranging between 
92.9% (nad4L) and 99.57% (cox2) (an average of 2.4% difference between the two). The sequence 
identity revealed that cox1 was the most conserved protein among the four, while nad2, nad3 and 
nad6 were the least conserved proteins (Table 6). In addition, pairwise comparison of amino acid 
sequences among closely related species of strongylid nematodes showed that A. mackerrasae and 
A. cantonensis are the most closely related to congeners, followed by Oesophagostomum 
quadrispinulatum and O. dentatum (3.2% difference) as well as Ancylostoma caninum and A. 
duodenale (4.0% difference).  
Using mt datasets, based upon pairwise comparisons of concatenated amino acid sequences 
predicted herein, we found considerable variation in the magnitude of sequence differences between 
closely related species of trichostrongyloids (14.9% between Trichostrongylus axei and T. vitrinus); 
(19.9% between Haemonchus contortus and Mecistocirrus digitatus), ancylostomatoids (4.0% 
between A. caninum and A. duodenale); (11.4% between B. phlebotomum and B. trigonocephalum), 
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strongyloids (3.2% between Oe. dentatum and Oe. Quadrispinulatum) and selected 
metastrongyloids (19.2% between D. eckerti and D. viviparus; 13.6% between M. pudendotectus 
and M. salmi; 16.8% between A. costaricensis and A.cantonensis and 18.7% between A. 
costaricensis and A. vasorum) (Table 7). 
Extending these comparisons, phylogenetic analysis of the amino acid sequences encoded by the 12 
mt genes revealed that A. cantonensis is the most closely related to A. mackerrasae among the four 
Angiostrongylus species. (Posterior probability (pp) =1:00). Metastrongylus spp. (Metastrongylidae) 
clustered separately from Angiostrongylus species but was the most closely related to the four 
Angiostrongylus species (pp=1:00). Other strongylids such as Dictyocaulus spp. (Dictyocaulidae), 
Trichostrongylus spp. (Trichostrongylidae), Haemonchus contortus (Haemonchidae), Mecistocirrus 
digitatus (Haemonchidae); Oesophagostomum spp. (Chabertiidae); Ancylostoma spp. 
(Ancylostomatidae) and Bunostomum spp. (Ancylostomatidae) clustered separately from 
metastrongyloids (Figure 3).  
Table 6. Pairwise comparison (%) of the amino acid sequence predicted from each of the 12 protein coding 
mitochondrial genes from Angiostrongylus mackerrasae, Angiostrongylus vasorum, Angiostrongylus 
cantonensis and Angiostrongylus costaricensis. 
Predicted 
Protein 
A. mackerrasae vs  
A. cantonensis 
A. mackerrasae vs   
A. costaricensis 
A. mackerrasae vs  
A. vasorum 
    ATP6 97.49 77.39 84.92 
COB 98.65 85.29 84.86 
COX1 98.67 93.52 93.7 
COX2 99.57 86.96 83.48 
COX3 95.69 89.02 80.78 
NAD1 92.91 81.91 84.04 
NAD2 96.47 73.85 70.67 
NAD3 97.3 72.97 77.48 
NAD4 97.8 79.95 82.11 
NAD4L 92.21 80.52 72.73 
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NAD5 97.67 78.6 75.1 
NAD6 97.17 73.05 78.72 
     
 
Figure 3. Relationship of Angiostrongylus mackerrasae with strongylid nematodes based on a phylogenetic 
analysis of concatenated amino acid sequence data for the 12 inferred mt proteins. There was absolute 
support (pp=1.00) at each individual node. 
Table 7. Pairwise comparisons (sequence differences in %) among closely related species of strongylid 
nematodes. 
Species Am Aca Aco Av De Dv Mp Ms Ta Tv Hc Md Ac Ad Bp Bt Od 
                  Am 
                 Aca 2.4 
                Aco 16.8 16.8 
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Abbreviations: Am = Angiostrongylus mackerrasae (Strongylida: Angiostrongylidae); Aca = Angiostrongylus 
cantonensis (Strongylida: Angiostrongylidae); Aco = Angiostrongylus costaricensis (Strongylida: Angiostrongylidae); 
Av = Angiostrongylus vasorum (Strongylida: Angiostrongylidae); De = Dictyocaulus eckerti (Strongylida: 
Dictyocaulidae); Dv = Dictyocaulus viviparus (Strongylida: Dictyocaulidae); Mp = Metastrongylus pudendotectus 
(Strongylida: Metastrongylidae); Ms = Metastrongylus salmi (Strongylida: Metastrongylidae); Ta = Trichostrongylus 
axei (Strongylida: Trichostrongylidae); Tv = Trichostrongylus vitrinus (Strongylida: Trichostrongylidae);  
Hc = Haemonchus contortus (Strongylida: Haemonchidae); Md = Mecistocirrus digitatus (Strongylida: 
Haemonchidae); Ac = Ancylostoma caninum (Strongylida: Ancylostomatidae); Ad = Ancylostoma duodenale 
(Strongylida: Ancylostomatidae); Bp = Bunostomum phlebotomum (Strongylida: Ancylostomatidae); Bt = Bunostomum 
trigonocephalum (Strongylida: Ancylostomatidae); Od = Oesophagostomum dentatum (Strongylida: Chabertiidae); 
Oq = Oesophagostomum quadrispinulatum (Strongylida: Chabertiidae). 
 
Av 16.9 16.9 18.7 
              De 37.8 37.8 38.0 38.5 
             Dv 36.8 36.9 36.9 38.2 19.2 
            Mp 27.3 27.4 28.0 29.7 37.6 36.5 
           Ms 26.5 26.8 27.2 29.2 37.6 36.9 13.6 
          Ta 29.3 29.5 29.6 30.9 38.9 38.1 32.1 31.4 
         Tv 30.0 30.0 29.9 31.8 38.3 37.9 32.6 31.9 14.9 
        Hc 29.9 30.2 30.4 32.2 39.2 38.8 33.3 32.7 22.6 22.8 
       Md 29.5 29.9 30.5 31.8 39.7 38.5 32.8 32.9 23.2 23.3 19.9 
      Ac 27.4 27.6 28.3 29.9 37.7 37.2 30.9 30.6 21.4 20.1 22.1 22.2 
     Ad 27.5 27.6 28.2 30.0 37.9 37.5 30.9 30.9 21.5 20.4 22.2 22.6 4.0 
    Bp 27.1 27.3 27.6 29.8 37.7 36.5 30.5 30.2 22.0 21.6 23.8 23.4 14.8 15.0 
   Bt 27.0 27.2 27.9 29.7 38.0 37.1 30.6 30.0 21.9 21.2 22.9 22.9 12.9 13.4 11.4 
  Od 27.3 27.4 28.2 30.1 38.1 37.5 30.6 30.5 21.8 20.5 22.4 22.6 8.9 9.4 14.3 12.7 
 Oq 27.4 27.6 28.5 30.4 38.2 37.6 30.9 30.9 21.8 20.6 22.5 22.7 9.3 10.2 14.5 13.0 3.2 
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Discussion 
Mitochondrial sequences have been used as genetic markers for identification of organisms and 
interrelationships among diverse taxa 
131, 141, 142
.  Although nucleotide variation within species of 
nematodes is relatively high for the mt genes studied 
142
 and, thus, is not useful for specific 
identification, this is not the case for the inferred sequences of mt proteins.  Amino acid sequence 
variation within species of nematodes is usually very low (0–1.3%) 131, 142, 143.  Therefore, amino 
acid sequences inferred from the mt genomes provide species identification for studying the 
systematics (taxonomy and phylogeny) of nematodes 
131
. Indeed, phylogenetic analysis of mt amino 
acid datasets usually provides strong statistical support for the relationships of nematodes, which is 
not achieved using data from short sequence tracts. 
The amino acid sequence difference of 2.4% across the entire predicted mt protein repertoire 
between A. mackerrasae and A. cantonensis is higher than the upper level of within-species 
sequence variation estimated to date (1.3%), and similar to the lowest levels of sequence difference 
(3.2-4.0%) between pairs of other closely related strongylid nematodes  (i.e. A. caninum and A. 
duodenale; Oe. dentatum and Oe. quadrispinulatum) 
142
, providing support for the hypothesis that 
A. mackerrasae and A. cantonensis are separate species.  Experimental hybridization by Bhaibulaya 
38
 has been shown to produce fertile female but sterile males (F1s), which provides biological 
evidence to support this proposal.  
Similar specific distinctions on genetic grounds have been made for pairs of morphologically 
similar or identical species of strongylid that show distinct host preferences. Jabbar et al 
144
 studied 
the mt genome of the strongyloid Hypodontus macropi from three different hosts species and 
concluded that the parasites from the different hosts represent three distinct species of Hypodontus. 
The lowest sequence difference between two H. macropi isolates from Macropus robustus robustus 
and Macropus bicolour was 5.8%. Nonetheless, further study using independent, informative 
nuclear genetic markers is required to lend additional independent support for the two closely 
related Angiostrongylus species. 
Given the close genetic identity but biological differences between the two species of Australian 
angiostrongylids, the origins and divergence of A. mackerrasae and A. cantonensis are interesting 
questions. It has been suggested that feral rats (species of Rattus rattus and Rattus norvegicus) were 
introduced to Australia with the first European ships in late 1700s 
59
.  Presumably, A. cantonensis 
arrived in Australia on ships travelling from Asia 
145
. Considering the ongoing geographical 
expansion of A. cantonensis in Australia, based on the recent reports of parasite from human, dogs, 
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rats and molluscs from NSW 
5, 36, 146, 147
, a phylogeographical analysis of this species is needed to 
resolve the question of origin of Australian populations of this species. 
Angiostrongylus mackerrasae appears to be mainly specific to native Rattus (R. fuscipes and R. 
lutreolus)
77
. The native rat, R. fuscipes, is one of a number of Australian species that has been 
traced back to an invasion event in the final stages of the Pleistocene, when the Australian land 
mass was linked to Papua New Guinea (PNG)
59
.  Molecular analysis of Rattus species in Australia 
demonstrates strong support for the specific identity of R. fuscipes, indicating that this species has 
not crossed with other Australian Rattus species, whereas the genetic fidelity of other Rattus species 
in Australia is less certain 
60
.   
Did A. mackerrasae arise in Australia through natural invasions of a shared ancestor of the two 
parasite species from PNG? or did the current populations diverge from A. cantonensis populations 
after more recent introduction with European settlement and feral rat invasion? Bhaibulaya 
38
 
favoured the more ancient, and northern, invasion by A. mackerrasae, explaining the morphologic 
similarity between the two species by hybridization and species introgression in the wild 
38
. A 
challenge to this hypothesis is the apparent absence of any species of Angiostrongylus in tropical 
northern Australia. Dunsmore investigated rats on the Gulf of Carpentaria in the Northern Territory, 
but did not observe angiostrongylids 
34
 and there are no reports of eosinophilic meningitis in 
humans or animals from tropical Queensland, Australia. It should be noted however, that Dunsmore 
did not examine species of Rattus in his survey and may have missed evidence of the parasites.  A 
recent survey of Rattus spp. in northern Queensland was also unable to show the presence of the 
parasite in tropical Queensland 
148
. 
Anecdotal evidence from rodent trappers suggests that R. fuscipes actively excludes feral rats 
(Rattus rattus and Rattus norvegicus) from its habitats. Coupled with this, is the finding by Stokes 
et al. 
36
 that populations of A. cantonensis and A. mackerrasae were found in rats in different zones 
of forests of Jervis Bay, NSW.  The evidence thus tentatively leans towards the view that despite 
their close genetic identity, the populations of A. cantonensis and A. mackerrasae are populations 
recently introduced into Australia.  Accidental infection and establishment of populations in R. 
fuscipes has led to the two populations becoming isolated in terms of geographic habitat and host 
selection.  
The occurrence of A. mackerrasae in Australia indicates a need to develop a molecular tool for the 
accurate/specific diagnosis of neural angiostrongyliasis in humans. Although A. mackerrasae has 
not been detected in humans, it has recently been recovered from a flying fox (Pteropus alecto)
50
.  
This raises questions as to the ability of A. mackerrasae to infect and cause disease in non-
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permissive hosts. There is even a possibility that A. mackerrasae is responsible for a portion of 
Angiostrongylus infections in humans in Australia. Yet, the focus of most studies of 
Angiostrongylus has been on A. cantonensis as it occurs in feral rats which live close to human 
dwellings. However, the expansion and encroachment of residential areas in Australia on forests has 
resulted in the native rats (e.g. Rattus fuscipes) being found in relatively close proximity to human 
habitation, potentially implicating A. mackerrasae as a potential zoonosis in these peri-urban 
regions.  Moreover, current immunological 
149
 and molecular-based tools 
150
 for the detection of 
larvae in tissue target only A. cantonensis. If there is considerable divergence in protein sequence 
and immunological profiles of the two species, tools for diagnosis of neural angiostrongyliasis may 
not detect cases caused by A. mackerrasae. 
The complete mt genome described here, now provides enough information to develop highly 
specific PCR-based tests to screen archival tissues of humans and dogs diagnosed with eosinophilic 
meningitis in order to distinguish the species of Angiostrongylus responsible for the infection. 
Genes such as nad4L showed a higher diversity between A. cantonensis and A. mackerrasae and 
could be a good region to be used in order to distinguish the two species. 
The outcome of sliding window analysis in this study, offers valuable information of the high and 
low variability regions within the inter-species mt genome, providing useful data for population 
genetic studies and adds to the previously performed phylogenetic study of Angiostrongylus taxa by 
Eamsobhana et al. 
151
 which was restricted to the cox1 region of mt DNA and did not include A. 
mackerrasae. 
Conclusion 
In conclusion, the present study emphasizes the importance and utility of the mt genomic datasets 
for nematodes from rodents, as a basis for the diagnosis of A. mackerrasae and A. cantonensis for 
ecological and biological studies of these nematodes.  Importantly, the study also provides a 
stimulus to explore, in detail, the population genetics of these taxa across their distributional and 
host ranges using complete or partial (informative) mt genomic and protein sequence data sets. 
Although the present study focused on these two taxa, the approach used has important implications 
for investigating the systematics of a range of parasites (nematodes) in Australlia, and defining 
genetic markers of utility to explore their epidemiology and population genetics.  Future studies 
should focus on comparing multiple adult nematodes of A. mackerrasae and A. cantonensis from 
different geographical locations such as North and South eastern Australia and Southeast Asia, 
including PNG, to ascertain that the species sequenced in this study is not a hybrid. 
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3.2  Attempts to distinguish the two species of Angiostrongylus 
3.2.1 Use of restriction enzymes to distinguish the two species of Angiostrongylus 
Primers were designed based on cox3 region of mitochondrial DNA of A. cantonensis 
(AB700678.1) and A. mackerrasae (obtained in this project) where the two species showed 
higher sequence differences (Table 8). PCR was performed using KAPA2G Hotstart kit (KAPA 
Biosystem) and started by one cycle of 5 min at 95°C followed by 35 cycles of 95°C for 30 sec, 
55°C for 30 sec and 72°C for 1 min followed by a final elongation step of 72°C for 10 min.  The 
PCR products from both Angiostrongylus spp. were then run of a 2% agarose gel stained with 
SYBR Safe DNA gel stain (Life technologies) and visualized using a blue LED Gel Doc (Blue 
Transiluminator).  The PCR products were then purified using QIAquick PCR products purification 
kit QIAGEN, Germany). 
Table 8. Oligonuclotides targeting cox3 region of mitochondrial genome 
Oligonucleotide Sequence 
ANGF2-C3 GGTTAGAGTTACTTGAGCTCAT 
ANGR2-C3 GTTAATGGAGTATAGAGAAGC 
 
The sequences of the amplified region (cox3) of A. cantonensis and A. mackerrasae were searched 
on NEBcutter V2.0 (http://nc2.neb.com/NEBcutter2/) to identify restriction enzymes that would cut 
the sequences only from one site.  A number of cut positions were obtained for both A. mackerrasae 
and A. cantonensis.  DraI and PfMI were chosen to cut the sequence from A. mackerrasae and A. 
cantonensis respectively (Figure 3).  PCR products from both Angiostrongylus spp. were incubated 
with DraI/smartCut buffer and with Pf1MI/NE buffer 3.1 for 1 hour.  The products were then run on 
a 2% agarose gel using a low molecular weight DNA marker (Life technologies) and visualised later 
using a Blue LED Gel Doc (Blue Transiluminator).   
A. mackerrasae 
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Figure 4. The cut position of DraI on A. mackerrasae and PflmI on A. cantonensis sequences. 
3.2.2 Results and concluding comments 
Use of restriction enzymes to distinguish the two Angiostrongylus spp. failed to show any 
differences between the two, as both enzymes cut the two species at the same location. This reveals 
that the two species are very similar at cox3 region.  It also indicates interspecies allelic 
polymorphism within populations of A. mackerrasae and A. cantonensis, making it difficult to 
compare them genetically. However as the bands were about 100bp, it is possible that use of a 
highly concentrated agarose up to 4% would show a better separation for the bands and therefore 
show differences between the two species.
A. cantonensis 
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4.1  The lifecycle and pathogenicity of Angiostrongylus mackerrasae 
This chapter is prepared as a paper arising from my thesis research to be submitted to a peer-
reviewed journal. 
Comparative pathogenesis of eosinophilic meningitis caused by Angiostrongylus mackerrasae 
and A. cantonensis in murine and guinea pig models of human infection 
 
Abstract 
This study investigates the pathogenicity of Angiostrongylus mackerrasae in experimental hosts 
(mice and guinea pigs) as a model for accidental host infection.  Time course analysis of 
experimental A. mackerrasae infection reveal that the parasite causes eosinophilic meningitis in 
these hosts, indicating that the parasite has the potential to cause meningitis in humans and domestic 
animals.  A. mackerrasae and A. cantonensis both caused similar eosinophilic meningitis in mice at 
two times points of 14 and 21 post infection.  The brain lesions in mice infected with A. cantonensis 
showed intense granulomatosis compared with lesions caused by the genetically similar species A. 
mackerrasae.  This could indicate that the mouse immune system eliminates A. cantonensis 
infection more effectively.   The immunologic responses of the mice infected with the two 
Angiostrongylus species was compared by looking at the alteration of splenocytes, T cells and 
cytokines including interferon-gamma (IFN-γ), interleukin 4 (IL-4) and interleukin 17 (IL-17) at 14 
and 21 days post infection showed similar results for  mice infected with A. cantonensis and A. 
mackerrasae.  Both species also recognised human sera infected with A. cantonensis on Western 
blot. 
4.2  Introduction 
Members of the genus Angiostrongylus belong to the Superfamily Metastrongyloidea, a taxon of 
nematodes that occupy the circulatory system of their definitive hosts.  Angiostrongylus 
cantonensis, a parasite of common and highly invasive rats species is the most widespread species 
of the genus 
152
.  To date, A. cantonensis is the only species of Angiostrongylus known to cause 
eosinophilic meningitis in humans and other non-permissive hosts in several parts of the world 
2, 70, 
152, 153
, although patent infection with A. mackerrasae in a flying fox (Pteropus alecto) has been 
observed 
50
.  In the more severe cases of infection,  A. cantonensis is reported to cause eosinophilic 
meningo-encephalomyelitis throughout the brain and spinal cord of accidental hosts 
3, 43, 87
 and fatal 
encephalitis in human 
10
.  Although rare, pneumonia caused by the presence of A. cantonensis adult 
worm has also been reported in humans 
120
.  Prociv and Carlisle 
33
 also noted that in many human 
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cases (mainly children), adult worms have been found in the pulmonary arteries indicating that 
adult A. cantonensis reaches human lung far more frequently than appreciated. 
In recent years, some cases of angiostrongyliasis in human and animals have been reported from 
Australia 
5, 50, 147
.  Recent surveys of the natural definitive hosts of Angiostrongylus 
148
 and 
intermediate host 
146
 also reveals that the parasite occurs close to human dwellings and is a risk for 
public health.  Two species of Angiostrongylus occur in Australia: A. cantonensis, which is found in 
the introduced rat species Rattus rattus and Rattus norvegicus, and A. mackerrasae, found mainly in 
native bush rats, Rattus fuscipes 
77
.  Both helminth species are neurotropic and have identical 
lifecycles in the definitive host  
38
.  Despite its identical life cycles and tissue tropisms with A. 
cantonensis, A. mackerrasae has been neglected as a potentially zoonotic parasite in Australia.   
There is currently no molecular diagnostic tool available to distinguish the two species in infected 
humans.  Moreover, morphological characters to distinguish the two species are limited 
32
 and often 
in human infection the parasite is not easy to recover from the patient for morphological 
identification.  Even though A. mackerrasae has never been reported from humans, it has been 
recently recovered from the lung of a flying fox responsible for severe pneumonia 
50
.  Since A. 
mackerrasae has a similar lifecycle to A. cantonensis 
32
 and it is genetically very similar to the latter 
80
, there is strong potential for A. mackerrasae to also be zoonotic and cause infection in humans, 
although much of its epidemiology remains unknown.  This study investigates the potential 
pathogenicity of A. mackerrasae to human by infecting non-permissive hosts including mice and 
guinea pigs with this species and compares it with the infection caused by similar species A. 
cantonensis.   
In addition, the alterations of spleen T cell subtypes and cytokines (IL-4, IL-17 and IFN-γ) were 
compared between groups of mice infected with the two Angiostrongylus species in presence of 
uninfected control groups.  IFN-γ is produced by Th1 cells which activate macrophages and is 
responsible for cell-mediated immunity and phagocyte-dependent protective responses.  By 
contrast, IL-4, is the most commonly used marker for Th2 cell response identification which is the 
prominent response in extracellular parasitic infections 
154
  and is responsible for strong antibody 
production, eosinophil activation, and inhibition of several macrophage functions, thus providing 
phagocyte-independent protective responses 
155
.  IL-17 is also known to be produced by Th17 
subset of T-cell, contributes towards eosinophilic exuberation 
156
 and is a major element in 
perpetuation of inflammation in parasitic and autoimmune diseases  
157
.  Furthermore, the 
serological responses of rats and guinea pigs sera infected with A. mackerrasae to human sera 
infected with A. cantonensis was investigated.  
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4.3  Materials and Methods 
4.3.1 Maintaining the lifecycle of A. mackerrasae in the laboratory 
All work on this project was approved prior to commencement of the study by the Animal Ethics 
Committee of the QIMR Berghofer Medical Research Institute under project P1457.  The project 
was further ratified by the Animal Welfare Unit of the University of Queensland as participants in 
the work were students or employees of the university.   
First stage larvae of A. mackerrasae were recovered from the faeces of Rattus fuscipes which were 
trapped in Southeast Queensland under permit from the Department of Environment and Heritage 
Protection of the Queensland Government under permit WIS12109412.  The rats were then 
euthanized and dissected to morphologically confirm the species of Angiostrongylus present in their 
lungs.  In order to maintain the lifecycle of the parasite in the laboratory, four different species of 
terrestrial and aquatic molluscs (Cornu aspersum, Helix aspersa, a planorbid species and 
Austropeplea lessoni) were used to experiment the potential infectivity of these species with the 
recovered larvae in different temperatures ranging between 18 to 26˚C.  Between the 4 species of 
molluscs, Austropeplea lessoni (Lymnaeidae) was chosen as a host for intermediate stages of the 
parasite, because the maintenance needs were lower for this species than the others.  Due to 
stringent quarantine regulations governing the keeping of exotic species in Australia, it was decided 
to not use the standard snail host, Biomphalaria glabrata to maintain either species of parasite.   
This is because all products generated by the snail, including L3 larvae are subject to quarantine and 
cannot be removed from approved quarantine facilities. All the molluscs identification of this study 
was done under supervision of molluscs expert Dr John Stanisic from Queensland Museum. 
4.3.2 Infection in mice  
After 4 weeks, the infected snails were digested using artificial gastric juice described by Patel et al. 
158
 to obtain infective third stage larvae (L3) of Angiostrongylus spp.  Two groups of 12 outbred 
Swiss mice were infected by oral gavages with 30 third stage larvae of either A. mackerrasae or A. 
cantonensis.  The animals were monitored daily post infection for changes in behavior that might 
indicate meningitis.  From each group, four infected mice were euthanized on days 7, 14 and 21 
post infection.  Brain and spinal cord were removed from the carcasses and stored in 10% buffered 
formalin for 72 hours for histopathology using standard histological methods.  The 72 hours 
fixation is the recommended time for the tissue to achieve accurate morphology before histological 
preparation.  The Hematoxylin & Eosin stained paraffin sections were then examined using light 
microscopy. The histopathological lesions of mice were graded based on a scoring system 
developed for this study in order to compare the severity of meningitis caused by the two species of 
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Angiostrongylus (See Table 1&2). The scoring system was adapted from the work by Baums and 
colleagues 
159
. 
4.3.3 Infection in guinea pigs 
Four Tri-colored Guinea pigs were infected with 35 larvae of A. mackerrasae using size 4 gelatin 
capsules (The Capsule Guy, Australia) directed to their esophagus by a cat pill popper.  The guinea 
pigs were returned to their cages and monitored daily for gross behavioral changes and were 
euthanized on day 16 post infection.  Brain and spinal cord were removed from the carcasses and 
stored in 10% buffered formalin for 72 hours for histopathology using standard histological 
methods.  The Hematoxylin & Eosin stained paraffin sections were then examined using light 
microscopy.  
Table 1: Histopathology scoring system used in this study to compare lesions caused by A. mackerrasae to 
those caused by A. cantonensis in Swiss mice. 
Minimal meningitis and/or cuffing 0.5 
Mild patchy meningitis with mild perivascular cuffing  1a 
Mild to moderate, multifocal or locally extensive meningitis 1b 
Mild to moderate, diffuse meningitis       2 
Mild to moderate, diffuse meningitis; mild perivascular cuffing in neuropil or small, focal areas of 
neuropil inflammation/ necrosis suggestive of parasite migration  
3 
Mild to moderate, multifocal or locally extensive to diffuse meningitis; mild perivascular cuffing in 
neuropil and small, focal areas of neuropil inflammation/ necrosis suggestive of parasite migration  
4a 
Mild to moderate, multifocal or locally extensive to diffuse meningitis; extensive perivascular 
cuffing in neuropil or extensive areas of neuropil inflammation/ necrosis suggestive of parasite 
migration 
4b 
Severe, multifocal or locally extensive to diffuse meningitis 4c 
Mild to moderate, multifocal or locally extensive to diffuse meningitis; extensive perivascular 
cuffing in neuropil and extensive areas of neuropil inflammation/ necrosis suggestive of parasite 
migration         
5a 
Severe, multifocal or locally extensive to diffuse meningitis; mild perivascular cuffing or focal areas 
of neuropil inflammation/ necrosis suggestive of parasite migration 
5b 
Severe, multifocal or locally extensive to diffuse meningitis; mild perivascular cuffing and focal 
areas of neuropil inflammation/ necrosis suggestive of parasite migration  
6a 
Severe, multifocal or locally extensive to diffuse meningitis; extensive perivascular cuffing or 
extensive areas of neuropil inflammation/ necrosis suggestive of parasite migration 
6b 
Areas of really severe meningitis; mild perivascular cuffing or focal areas of neuropil inflammation/ 
necrosis suggestive of parasite migration  
6c 
Severe, diffuse meningitis; extensive perivascular cuffing and extensive areas of neuropil 7 
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inflammation/ necrosis suggestive of parasite migration  
4.3.4 Studying T cell subtypes in splenocytes of infected mice 
Splenic lymphocytes of mice were collected and prepared as described by Anukmar and Shahir 
160
 
and Liu et al. 
99
.  The cells were suspended in 4ml RPMR medium 1640 (1x) and stained using 
0.4% Trypan and counted under the microscope.  Spleen lymphocytes were later incubated for an 
hour at 37˚C with PMA (10ng/ml) and Ionomycin (1µg/ml) in 5% CO2 flow.  The cells were then 
incubated with BFA for 4 hrs and were later fixed using 4% formaldehyde at 4˚C overnight. The 
labeled fluorescence mAbs (PerCP anti-mouse CD4, FITC anti-mouse CD8, APC anti-mouse IL-4, 
APC anti-mouse  IFN, PE anti-mouse IL-17 all by BD biosciences)  were then added to the cells 
and the percentage of CD4
+
 T cells, CD8
+
 T cells, IL-4, IL-17 and IFN were calculated using flow 
cytometry for day 14
th
 and 21
th
 post infection mice as well as the control mice groups. The results 
were analyzed using FACS and GraphPad Prism version 6 using t-test and Wilcoxon rank sum tests 
to look at the differences between the infected mice and control groups. 
4.3.5 Serological comparison of the infected hosts with two Angiostrongylus spp. 
Antigen preparation 
Total soluble extract (TE) was obtained from harvested female and male worms (separately) 
(female A. mackerrasae, Australian female A. cantonensis, male A. mackerrasae and Brazilian 
female A. cantonensis) that were macerated in liquid nitrogen and homogenized using extraction 
buffer (phosphate-buffered saline (PBS; pH 7.4), 0.01% Triton X-100 and protease inhibitor 
cocktail powder (Sigma-Aldrich).  The suspension was centrifuged at 12.000 x g for 1 h at 4 ˚C, and 
the supernatant was used to derive the TE Protein concentrations were determined by Bradford 
assay 
161
 according to the instructions of manufacturer.   
SDS-Page and Western Blots (WB) 
One dimensional electrophoresis of 4-12% polyacrylamide Bis-Tris gels with sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to resolve proteins of TE and, 
was then stained with Comassie blue. For WB, 100 ng, 1 ug or 3 ug of proteins were electro-
transferred onto nitrocellulose membranes and were then blocked using 5% powder milk for 2 h at 
room temperature.  The membranes were then incubated for 2 h with different sera: (1) pool of 
human sera (1:200 dilution), prepared from three patients diagnosed with eosinophilic meningitis; 
(2) rats sera (1:200 dilution); (3) guinea pig sera (1:200 dilution).  After three washes, the 
membranes were probed with a secondary peroxidase-conjugated anti-human IgG (1:5000; Abcam, 
Cambridge, UK), anti-Rats IgG (1:5000; Abcam, Cambridge, UK) or anti-guinea pig IgG (1:5000; 
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Abcam, Cambridge, UK) for 2 hrs at room temperature.  After three washes of PBS, Clarity 
Western ECL Blotting Substrate (Biorad) was added as a developer agent and the membranes were 
then visualized on a film. 
4.4  Results 
4.4.1 A. mackerrasae infection in mice 
The group of 12 mice infected with A. cantonensis, showed brain lesions similar to the ones 
observed in A. mackerrasae-infected mice.  Hyperemia was observed on the surface of the brain 
tissue in all infected mice.  The first group of mice, euthanized seven days post-infection, did not 
show any neurological signs and the reaction of their brain to the parasite was mild.  Out of the four 
mice in this group, one showed perivascular cuffing.  Angiostrongylus larvae were present in 
neuropil region of the brain in two of the mice.  In one mouse, occasional small aggregates of less 
than 20 lymphocytes were present in meninges multifocally.  The second group of four mice, 
euthanized 14 days post-infection, showed moderate to marked diffuse eosinophilic meningitis with 
intralesional nematodes.  Multifocal, mild eosinophilic encephalitis was also observed in two out of 
four mice culled two weeks post infection.  In the group of mice euthanized 21 days post infection, 
diffuse marked eosinophilic and granulomatous meningitis coupled with intralesional viable 
nematodes were observed in all mice (Figure 1).  Hemorrhagic meningitis was also observed in one 
mouse in this group (Figure 2). 
Table 2: Histopathological scores of Swiss mice infected with the two species of Angiostrongylus.  
Time post infection A. mackerrasae A. cantonensis 
Week 1 0.5 to 1b 0 to 0.5 
Week 2 4a to 7 6a to 7 
Week 3 5b to 7 5b to 7 
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Figure 1. Eosinophilic meningitis caused by A. mackerrasae. 
 
Figure 2. Hemorrhagic meningitis caused by A. mackerrasae, three weeks post infection.  
4.4.2 A. cantonensis infection in mice 
Most of the infected animals showed variable degrees of pathological changes in the brain tissue. 
The mice euthanized on day 7 post infection, showed mild patchy meningitis with mild perivascular 
cuffing. Small numbers of viable parasite were seen in focal area of the brain in one mouse.  In 
second group of mice euthanized on day 14 post infection, eosinophilic meningitis was observed in 
A 
50 µm 
200 µm 
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all mice and moderate numbers of parasites were present in multiple locations in the meninges.  
Granulocytes, lymphocytes, plasma cells and macrophages were present in the meninges and a 
small number of larvae was seen in focal location in meninges (Figure 3).  In the group of mice 
euthanized on day 21 post infection, eosinophilic and granulomatous meningitis was observed in all 
mice. The lesions were between grades 5b to 7 (Table 2). 
 
Figure 3. Eosinophilic meningitis caused by A. cantonensis, two weeks post infection. 
 
4.4.3 Comparing pathogenicity caused by the two Angiostrongylus species 
The comparison between the two groups of mice infected with A. cantonensis and A. mackerrasae 
revealed that the two species cause very similar pathology in infected Swiss mice (Table 1; Figure 
4&5).  However, there were more granulomatous lesions in mice infected with A. mackerrasae. 
Also in the mice infected with A. cantonensis there were more viable larvae found in 
histopathological sections even three weeks post infection whereas A. mackerrasae larvae were 
mostly degenerated by week 3 post-infection.  
200 µm 
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Figure 4. Pathological section of mice brain tissue infected with A. mackerrasae (A&C) and A. cantonensis 
(B&D) two weeks (A&B) and three weeks (C&D) post infection. Arrows showing the larvae surrounded by 
inflammatory cells. 
 
Figure 5. Pathological section of mice brain tissue infected with A. mackerrasae and A. cantonensis and 
three weeks post infection. A. cantonensis larvae is still viable three weeks post infection (A); Degenerated 
larvae of A. mackerrasae three weeks post infection (B). 
B  A 
C 
A B 
D 
200µm 200µm 
200µm 200µm 
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4.4.4 A. mackerrasae infection in guinea pigs 
All infected guinea pigs also showed various degrees of pathological changes in the brain sections. 
The larvae of Angiostrongylus mackerrasae were present in the meninges of all 4 animals (Figure 
6).  Within the cerebral, cerebellar, root meninges and the stroma of the choroid plexus, there were 
multifocal, moderate to dense populations of eosinophils, lymphocytes and macrophages in all four 
animals (Figure 7).  
 
Figure 6. Location of osinophilic meningitis caused by A. mackerrasae in guinea pig, 16 days post infection. 
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Figure 7. Pathological changes in the brain of infected guinea pigs with Angiostrongylus mackerrasae, 16 
days post infection. A&B: Larvae of A. mackerrasae in cerebral meninges. C: Eosinophilic meningitis. D: 
Eosinophilic granuloma. 
4.4.5 Flow cytometry analysis of T cell variations in mice 
The group of mice infected with A. cantonensis, showed decreased number of splenic T cells both at 
two weeks and three weeks post infection in comparison to a control group.  Mice infected with A. 
mackerrasae showed decreased splenic T cells two weeks post infection but increased number of 
cells after three weeks.  
Comparison of the T cell counts and cytokines showed almost no significant differences between 
infected (both species) and control groups (Table 3).  In the group of mice infected with A. 
cantonensis, the only significant differences were the decreased level of CD4 IL-4 (P=0.049), two 
and three weeks post infection, decreased expression of CD8 IL-17 (P=0.041) three weeks post 
infection and the reduction of CD8 IFN-γ levels (P=0.021) three weeks post infection in comparison 
to a control group.  There was no significant cytokine variations between mice infected with A. 
mackerassae and uninfected controls. 
Table 3. Flow cytometry analysis of splenic T cells in mice infected with A. mackerrasae and A. cantonensis 
on 14
th
 and 21
st
 day post infection. 
660µm 
200µm 
200µm 
200µm 
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  Week 2 PI (%)                                             Week 3 PI (%)  
 A.m. A.c. A.m. A.c. 
 Control Infected Control Infected Control Infected Control Infected 
 
     
CD4
+
 
IL-4 0.5500 ± 
0.29 
 
1.275 ± 
0.89 
0.1500 ± 
0.02* 
 
0.0500 ± 
0.02 
 
0.5800 ± 
0.33 
 
0.1200 ± 
0.09 
 
1.300 ± 
0.38 
0.6250 ± 
0.10 
 
IL-
17  
0.1000 ± 
0.040 
 
0.2000 ± 
0.14 
 
0.1250 ± 
0.094 
0.1000 ± 
0.057 
 
- - 0.8250 ± 
0.27 
0.2750 ± 
0.15 
IFN-
γ  
0.4000 ± 
0.33 
0.2250 ± 
0.14 
 
0.3500 ± 
0.12 
 
0.1250 ± 
0.094 
 
0.6400 ± 
0.34 
 
0.0200 ± 
0.02 
 
2.125 ± 
0.56 
 
1.900 ± 
0.17 
 
Total 62.03 ± 
5.94 
 
37.75 ± 
6.79 
 
49.68 ± 
7.24 
 
64.60 ± 
6.58 
 
11.86 ± 
2.24 
 
48.26 ± 
10.95 
 
24.05 ± 
5.62 
 
31.85 ± 
2.25 
 
 
      
CD8
+
 
IL-4  0.4250 ± 
0.246 
1.400 ± 
0.94 
0.0250 ± 
0.02 
 
0.0250 ± 
0.02 
 
0.9000 ± 
0.61 
 
0.4400 ± 
0.25 
 
0.9750 ± 
0.59 
 
0.3500 ± 
0.19 
 
IL-
17  
- - 0.2000 ± 
0.13 
 
0.0750 ± 
0.047 
- - 0.7750 ± 
0.14 
 
0.2500 ± 
0.14 
 
IFN-
γ  
1.400 ± 
1.04 
 
2.800 ± 
1.33 
 
0.1750 ± 
0.08 
 
0.5000 ± 
0.33 
 
0.3600 ± 
0.24 
 
0.7400 ± 
0.66 
 
1.700 ± 
0.36 
 
0.5000 ± 
0.20 
 Total 12.70 ± 
2.14 
 
13.03 ± 
5.33 
 
14.93 ± 
1.58 
 
18.78 ± 
2.39 
 
2.500 ± 
0.72 
6.520 ± 
1.47 
 
3.150 ± 
1.31 
6.600 ± 
0.94 
 
A.m.= Angiostrongylus mackerrasae; A.c.= Angiostrongylus cantonensis 
*Significantly different values are bolded. 
 
4.4.6 SDS-Page and Western blots comparing the two Angiostrongylus spp. 
The total protein extracts (TE) from female A. mackerrasae, Australian female A. cantonensis, male 
A. mackerrasae and  Brazilian female A. cantonensis all showed similar degrees of recognition to 
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the serum from human infected with A. cantonensis from Brazil (positive control), serum from 
experimentally infected rat and guinea pigs (Figure 8&9). 
 
Figure 8. SDS-PAGE of A. mackerrasae worms soluble total extract (TE). 1: A. mackerrasae female; 2: A. 
mackerrasae Male. MW: Molecular weight (kDa). 
 
 
 
Figure 9. Identification of 31-kDa antigen produced by A. mackerrasae. Female worm soluble total extract 
(TE) from Australian A. cantonensis (Ac) and A. mackerrasae (Am) were resolved in 1DE gel and 
transferred on Western Blot membranes. Lane 1: Ac-TE and Lane 2: Am-TE, probed with pool of positive 
controls for cerebral angiostrongyliasis (from Brazil); Lane 3: Ac-ET and Lane 4: Am-TE, probed with pool 
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of normal human sera.  
 
4.5  Discussion 
This research demonstrates for the first time that A. mackerrasae can cause severe meningitis in 
infected mice and guinea pigs and therefore it can potentially be pathogenic to human, dogs and 
other animals.  The pathogenicity observed in this study in infected mice by A. mackerrasae was 
consistent with those from A. cantonensis 
162
 as well as with  previous work on guinea pigs 
163
 and 
mice 
164
 infected with A. cantonensis.  This result was expected as molecular comparison of A. 
mackerrasae with A. cantonensis showed that the two species share highly similar genetic identity 
based on mitochondrial genomes 
80
.  Although A. mackerrasae is genetically very similar to A. 
cantonensis, it naturally has a different host choice (native Rattus spp.) and it caused either a more 
severe or quicker immune response in mice in this study.  This suggests that infection caused by A. 
mackerrasae could have a different clinical outcome in human and other accidental hosts. 
The percentages of IL-17 and IFN-γ were lower in infected mice with A. cantonensis in this study, 
consistent with the observations of Liu et al. 
99
.  This was also observed in A. mackerrasae infected 
mice but only at week three post infection.  IL-17 and IFN-γ both act as mediators in delayed type 
reactions responding to extracellular pathogens and both are expected to be increased in parasitic 
eosinophilic meningitis.  Liu et al. 
99
 speculated that the reduction of splenic IL-17 in A. cantonensis 
infection might be induced by high expression of IL-4 restricting IL-17 secretion.  However in this 
study IL-4 was not highly expressed in infected mice.  Sugaya et al. 
98
 also detected a peak of IL-4 
in CSF of BALB/c and C57BL/6 mice on days 12-15 and 20 post infection by A. cantonensis but 
they did not studied the levels of IL-17.  In the current study, IL-4 was decreased on both times 
points in A. cantonensis group and only CD4 IL-4 was increased on day 14 post infection in A. 
mackerrasae group.  It is therefore plausible to assume that splenic Tcells and expressed cytokines 
could not give a clear picture of the intensity of immune response to this parasite.  Factors such as 
number of larvae used to induce infection, the time post infection, mice breed and the involvement 
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of brain blood barrier could also be responsible for the variation of cytokine expressions in different 
studies. 
Total extraction antigen preparation from both A. cantonensis and A. mackerrasae were recognized 
by positive sera of cerebral angiostrongyliasis patients.  The 31-kDa band described before 
103
 from 
A. cantonensis was also observed from A. mackerrasae, indicating that the two species express a set 
of very similar proteins.  Previously, Ben et al. 
165
 demonstrated the successful use of heterologous 
antigens in immunodiagnosis of angiostrongyliasis (A. cantonensis and A. costaricensis), and 
Morassutti et al. 
103
 corroborated these data showing that the 31-kDa antigen from A. cantonensis 
TE is recognized both by sera from patients with eosinophilic meningitis and abdominal 
angiostrongyliasis, indicating that both species of parasites produce very similar antigens although 
the pathology caused by each of these two species are different.  Here we found that another species 
of Angiostrongylus spp., A. mackerrasae can also be recognized by sera from human cases of 
eosinophilic meningitis caused by Brazilian A. cantonensis.  
The cross reactivity observed between A. cantonensis and A. mackerrasae was expected but also 
indicates the necessity for further studies on the biology of A. mackerrasae, in order to determine 
possibility of infection with any of the two or even in mixed infections and to further explore the 
ability of this species to cause a patent infection in human and animals.  The results obtained in this 
study also indicate the necessity for further investigation in pathogenicity of A. mackerrasae to 
discover whether this species cause a different clinical outcome in accidental hosts comparing to A. 
cantonensis. 
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5.1 General Discussion and Conclusions 
5.1.1 Epidemiological perspective 
The principal objective of this thesis was to investigate the epidemiology of Angiostrongylus 
spp. in Southeast Queensland, the region where A. cantonensis was first described and which 
encompasses the type locality for A. mackerassae 
31, 32
.  The results of the surveys conducted 
from 2012 to 2014 revealed that the prevalence of infection with Angiostrongylus spp. in local 
rodents is higher than previously reported, surpassing the two previous surveys conducted in 
Queensland  
32
 and in New South Wales 
36
 (Described in chapter 2).  This high prevalence of 
Angiostrongylus spp. infection in rats indicates that a relatively large reservoir of infection exists 
for dogs and humans in Brisbane.  Despite the wide distribution of the parasite in urbanized 
regions of Brisbane city, reported human cases of eosinophilic meningitis from this part of 
Australia are rare.  However, there is a possibility that the disease is under-reported because of the 
inherent difficulty of clinical diagnosis that is complicated by the variable presentation of cases.  
Typical signs, such as blood and CSF eosinophilia, and sero-conversion are not always present in 
early stages of infection 
123
.  In fact, sero-conversion might never occur in small children 
5, 120
. 
 
There is a possibility that A. mackerrasae is responsible for a portion of Angiostrongylus spp. 
infections (and resultant neural angiostrongyliasis) in animals and human in Australia.  The 
observation that A. mackerrasae is able to infect and induce eosinophilic meningitis in mice and 
guinea pigs (described in chapter 4), increases the likelihood this species can also infect human 
and other animals.  This is important because results from the epidemiological studies conducted 
during this project suggest that A. mackerrasae and A. cantonensis have different reservoir host 
specificity, which may lead to different risk factors for human infection.   
 
5.1.2 Evolutionary perspective 
Approximately 21% of native rats sampled during the surveys in QLD were infected with A. 
mackerrasae.  There is a paucity of published reports on A. mackerrasae which is limited to the 
characterisations of morphological differences in the adult reproductive system in comparison 
compared with A. cantonensis and the difference in host selection despite the overall similarity 
in life cycles.  Experimental hybridization of the two species by Bhaibulaya 
38
 also had resulted 
in fertile female F1 and sterile male F1, indicating the possibility that mixed infections of the 
two species can occur in the wild.   
In an attempt to understand the evolution of the two species, the entire mitochondrial genome of 
A. mackerrasae was sequenced and analysis performed to determine the scale of differences 
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compared to A. cantonensis.  The results of the pair-wise comparison of the predicted amino 
acids of the two species showed a small but sufficient difference for the two forms to be 
considered as distinct species.  This raises questions with regards to evolution of Angiostrongylus 
spp. in Australia.  The primary question that arises concerns the origins of the divergence of A. 
mackerrasae from A. cantonensis lineages.  Specifically the question is whether A. mackerrasae 
diverged from populations that arrived in Australia with the invasion of rodents across the land 
bridge between New Guinea and Australia or did the current populations diverged from A. 
cantonensis populations after the more recent introduction of Rattus rattus and Rattus norvegicus 
with European settlement.  Native Australian rats are postulated to have diverged from northern rat 
species some 1.5 million years ago when native Rattus species entered Australia 
59
.  
It is widely appreciated that parasites evolve more rapidly than their hosts because of their often 
short generation times and large population sizes 
166
.  If A. cantonensis arrived in Australia through 
the introduction of feral rats (i.e. Rattus rattus and Rattus norvegicus), it is plausible to regard A. 
mackerrasae as a recently divergent or diverging species of A. cantonensis.  It is also possible that 
despite the minor genetic differences between the two, they are one single species and A. 
cantonensis is exhibiting phenotypic plasticity while maintaining its genetic identity.  Phenotypic 
plasticity is defined as a property of individual genotype to produce different phenotype when 
exposed to a different environment 
167
.  Mechanisms such as changing gene expression can enable 
parasites to alter their behaviour such as virulence to a certain host to maximise their fitness in the 
new environment 
168
.   
For specialist vectored parasites, such as Angiostrongylus, both the intermediate and definitive hosts 
exert selection pressure that affects the evolution of parasite virulence and enables them to become 
established in new geographical locations.  When new vectors and hosts are encountered the 
parasite must change at a phenotypic or genotypic level in order to maintain its life cycle 
166
.  
Currently the knowledge about the intermediate host preference of the two species in Australia is 
scant and the only available data is on the definitive hosts.  Anecdotal evidence from rodent 
trappers suggests that R. fuscipes actively excludes feral rats (Rattus rattus and Rattus norvegicus) 
from its habitats.  Coupled with this, is the finding by Stokes et al. 
36
 that populations of A. 
cantonensis and A. mackerrasae were found in rats in different zones of forests of Jervis Bay, 
NSW.  The evidence thus allows the tentative formation of the hypothesis that despite their similar 
genetic identity, the populations of A. cantonensis and A. mackerrasae are becoming isolated in 
terms of geographic habitat and host selection.  
Mitochondrial sequences were used to infer relatedness of the two sibling species of 
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Angiostrongylus, but these sequences may not be the most apt.  Other sequences, such as 
microsatellite markers, repeated DNA motifs for multilocus genotyping of parasite populations 
169
 may show more, or perhaps fewer differences between the two species and lead to a different 
assumption about the evolution of Angiostrongylus spp. in Australia. This speculation is worth 
further investigation. 
The observation that adult native rats infected with A. mackerrasae with higher worm burdens and 
lower bodyweight may suggest that native rats are adversely affected by Angiostrongylus infection.  
While the sample size in this study was only modest, it is possible that this observation indicates 
that the parasite is probably not totally co-evolved with the native host.  This association was not 
observed in introduced rats infected with A. cantonensis.  If A. mackerrasae is more pathogenic in 
native rats then it is possible that it has not been present in Australia for the same duration as its 
native rat host species.  However, this hypothesis remains somewhat speculative because it 
disagrees with the hypothesis proposed by Prociv et al. 
37
 who suggested that the limited 
geographic and host range of A. mackerrasae (i.e. it is only present in Australia and found only in 
native Rattus spp.) suggests the result of a long co-evolution.   
5.1.3 Clinical perspective 
During this investigation the potential pathogenicity of the species was also experimentally 
explored in non-permissive hosts in order to explore potential phenotypic difference between 
the two Angiostrongylus species.  Experiments on Guinea pigs and mice infected with A. 
mackerrasae revealed that A. mackerrasae induces eosinophilic meningitis in these hosts, very 
similar to that previously shown for A. cantonensis 
163, 164
.  That was an interesting finding as 
eosinophilic meningitis caused by A. mackerrasae has never been reported before. 
Histopathological changes in mice infected with A. mackerrasae were compared with similar 
lesions in mice infected with A. cantonensis.  This comparison revealed that A. cantonensis 
endure for a longer time in host without being attacked by the host immune system as viable 
larvae were still present in the meninges of the brain, 3 weeks post infection.  In contrast A. 
mackerrasae larvae were degenerated and granulomatosis was formed by week 3 post infection 
in infected mice.  This observed lead to the speculation that although the two are genetically 
very similar, A. mackerrasae can cause a different clinical outcome in accidental hosts such as 
humans.  However, this was the first study on pathogenesis of A. mackerrasae on 
experimentally infected accidental hosts and the results of this research indicates the necessity 
for further investigations on the pathogenesis of this parasite in accidental hosts.  
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In contrast to the pathological differences discovered between the two species, the immunological 
and serological experiments conducted did not detect any differences in mice infected with the two 
species of Angiostrongylus.  The levels of splenic IL-17 and IFN-γ were lower in infected mice 
infected with A. cantonensis in this study, consistent with the observations of Liu et al. 
99
.  This was 
also observed in A. mackerrasae-infected mice, but only 3 weeks after infection.  IL-17 and IFN-γ 
both act as mediators in delayed type reactions responding to extracellular pathogens and both are 
expected to be increased in parasitic eosinophilic meningitis.  An increase in IL4 expression was 
previously detected from in CSF of BALB/c and C57BL/6 mice on days 12-15 and 20 post 
infection by A. cantonensis 
98
.  However in the current study, IL-4 was decreased on both times 
points in A. cantonensis group and only CD4 IL-4 was increased on day 14 post infection in A. 
mackerrasae group.  It is therefore plausible to assume that splenic T cells and expressed cytokines 
could not give a clear picture of the intensity of immune response to this parasite and perhaps 
looking at local immune response e.g. studying the T cells variations in CSF could show a better 
understanding of the immune reaction caused by A.mackerrasae.  
Proteins from both A. cantonensis and A. mackerrasae were recognized by sera from human 
patients with eosinophilic meningitis assumed to be due to infection with A. cantonensis.  The 31-
kDa band described before from A. cantonensis 
102
 was also observed in A. mackerrasae, and 
recognised by human sera with eosinophilic meningitis, indicating that the two species express 
similar proteins.  However, it is necessary to perform further studies on the biology of A. 
mackerrasae, in order to develop methods of diagnosis in humans that can differentiate it from A. 
cantonensis and to further explore the ability of A. mackerrasae to cause a patent infection in 
human and animals. 
5.2 Future work 
Data obtained from this study confirm the high prevalence of Angiostrongylus spp. in native and 
introduced Rattus spp. in southeast Queensland and indicate the need for raising public awareness 
about this parasite in this region.  The current data also for the basis for the development of a 
spatial risk map for the presence of Angiostrongylus in different suburbs of Brisbane and for 
further research to investigate risk factors such as the correlation between rainfall and risk of 
infection with Angiostrongylus in definitive hots. 
In addition, for the evolutionary questions raised in this study to be answered, more surveys of 
Angiostrongylus species range and host selection need to be conducted across Australia and 
Southeast Asia to be able to perform detailed phylogenetic studies, so as to determine the origin of 
Angiostrongylus species in this region.  The pathogenesis of A. mackerrasae also needs to be 
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investigated further to find out whether the parasite causes a similar disease to eosinophilic 
meningitis caused by A. cantonensis or if it has a totally different clinical outcome in infected 
accidental host such as humans. 
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 Protein-coding genes of mt genome of A. mackerrasae 
 
>1-->1576 product cytochrome c oxidase subunit I score: 
98.66412353515625 
ATTTATATATATAAGAAATATCAAAGTGGTTTGTCGGTTTGGTTAGAAAGTTCTAACCAT 
AAGGATATTGGTACTCTTTATTTTTTGTTTGGTTTGTGGTCGGGTATGTTAGGTACTGCT 
TTATCTTTGATTGTTCGTTTGGAGTTATCTAAGCCTGGAATGTTGTTGTCTAATGGGCAA 
TTGTATAATTCAATTATTACGGCTCATGCTTTTTTGATAATTTTTTTTATGGTAATGCCT 
AGTATGATTGGTGGTTTTGGTAATTGAATGTTGCCTTTGATGTTGGGGGCTCCAGATATG 
AGTTTTCCTCGTTTGAATAATTTGAGTTTTTGATTGTTGCCAACTTCGATGTTTTTGATT 
TTAGATTCTTGTTTTGTAGATATAGGATGTGGAACTAGTTGGACTGTTTATCCACCTTTG 
AGGAGTTTAGGTCATCCTGGTAGAAGGGTAGATTTGGCGATTTTTAGTTTGCATTGTGCT 
GGATTGAGTTCTATTTTGGGGGGTGTTAATTTTATGTGTACGACGAAGAATATGCGAAGA 
AGTTCAATTTCTTTGGAACACATAAGTTTGTTTGTTTGATCTGTTTTTGTAACTGTTTTT 
TTGTTGGTATTGTCTTTACCTGTGTTGGCGGGGGCTATTACTATATTATTAACTGATCGT 
AATTTAAATACTTCTTTTTTTGACCCTAGTTCTGGTGGTAATCCTTTGATTTATCAGCAT 
TTGTTTTGATTTTTTGGTCACCCTGAGGTTTATGTTTTGATTTTGCCTGCTTTTGGGATT 
GTTAGACAGTCTACTTTATATTTAACGGGTAAGAAGGAGGTTTTTGGTTATTTGGGTATG 
GTTTATGCTATTTTAAGGATTGGTTTGATTGGTTGTGTGGTTTGGGCCCACCATATATAC 
ACGGTTGGTATGGATTTAGATTCTCGTGCTTATTTTACTGCGGCTACTATAGTTATTGCG 
GTTCCTACGGGAGTGAAGGTTTTTAGGTGGTTAGCAACTTTATTTGGTATGAAGATATTG 
TTTCAACCTATTTTATTGTGGGTTTTGGGTTTTATTTTTTTGTTTACTATTGGGGGGTTG 
ACTGGGGTTATATTGTCTAATTCTAGTTTGGATATTATTTTACATGATACTTATTATGTA 
GTTAGGCATTTTCATTATGTTTTGAGGTTGGGAGCTGTTTTTGGTATTTTTACTGGTATT 
AGTCTTTGATGAAGGTTTATGACTGGTTGTGTTTATAATAAGTTGTATATAGTAGTTATG 
TTTTTTTTGATGTTTTTAGGTGTGAATTTGACTTTTTTTCCTTTGCATTTTGCTGGTTTG 
CACGGTTATCCTCGTAAGTATTTGGATTATCCTGATGTTTATTCGGTTTGAAATGTTATT 
TCTTCTTTTGGGTCTTTAGTTAGTGTTTTTGCTTTATTTATGTTTATTTTTTTGTTGTTG 
GAGTCTTTTTTTAGATATCGTTTGTTGTTATTGGATAATTATTATAATAGAAGTCCAGAA 
TATAGATATAGGAGTTATGTTTTTGGTCATAGCTATCAGTCGGAAGTTTATTTTAGAAGA 
AGGAGTTTAAAGTGTTAAA 
 
>1811-->2504 product cytochrome c oxidase subunit II score: 
99.565216 
TTGAACTATTTTCAGGGTTATAATTTGGGTTTTTCAGGTAGTGTTTTTAGTATTTATATA 
GATTGATTTCATGGTTTTAATTGTAGTTTGTTGTTAGGAATTTTAGTTTTTGTAACTTTA 
CTTTTTTGTTTGTTGATTTTTGGCGGATTTTTTTTTAAGTATAAGGAGATGGAGTATCAG 
TTTGGGGAGTTGTTGTGTAGTATTTTTCCGACGTTGGTTTTATTGATGCAGATGGTTCCT 
TCTTTGAGGATTTTGTATTATTATGGTTTGATAAATCTTGATAGGAATCTGACAGTTAAG 
GTTGTTGGTCATCAATGGTATTGAAGTTATGAATTTGGGGATATTCCTGGTTTGGAGTTT 
GATTCTTATATAAAGTCTTTGGATCAGTTGGATTTGGGAGAACCTCGTTTATTGGAGGTG 
GATAATCGTTGTGTTTTACCCGAAGGTATTAATCTTCGTTTTTGTATTACATCAGCTGAT 
GTAATTCATTCTTGGGCTTTGCCAAGTATGTCTTTAAAGTTGGATGCTATGAGGGGGATT 
TTAAGAATTTTGAGGTATAGATTTCCAAATTTGGGAATTTTTTATGGGCAATGTTCTGAG 
ATTTGTGGTGCTAATCATAGGTTTATGCCTATTGCTATTGAGGTGACTTTGTTAGAAAAT 
TTTAAGGACTGGTGTAATATTAATTTAGATTAGCTTA 
 
>3571-->3922 product NADH dehydrogenase subunit 3 score: 
97.297295 
ATCAGTTGTTGTTCATTGTTTTCTTTTTTTATGGTTGTATTGATTACTTTTTTGTTGATT 
TTGTTGTTGTATATGGTATGTTTTTTGATGAGGTTGAAGGAGAATAATTTAAATAAGGTT 
 
 
AATTCTTTTGAAAGTGGTTTTTTGAGACTGGTAAAAATTCAGAATTCTTTTAGGATTCAT 
TTTTTTGTTTTAATGTTGATGTTTGTTATTTTTGATTTAGAGATTGTGATATTTTTGGGG 
CTGTTGGTGGTCGATGTTTCTTCGGTGGTTAGTTTTTTTATGTTATTTTTGTTTGTTTTA 
GGGGGTTTTTATATGGAATGATTTTTTGGTAAGTTGATTTGGGTTGTGTAAAGAT 
 
>3924-->5463 product NADH dehydrogenase subunit 5 score: 97.5332 
ATAGATTTTTTGGTTTTTTTGATGGTTTTTTTTTTGTTAATATCGTTGTTGATTTTGATT 
TTTTTGCCTAATTTTAGGTTATTATTGAATTTGTTGGAGTGGGATTTTGTTGGGTTGAAG 
TTTAGTTTTTTTTTTAATAGATTGATTTTTTCTGTTATTTTGTTGGTGATTACTTTGAGA 
GTGGTTTTGTTTAGTAGTTATTATTTAAATGGTGAATTGAATTTTGTTTATTATATGTTG 
ATGTTGATGTTGTTTGTTGGTTCTATGTTTATATTAAATTTTAGGAATAGGGTTTTTACT 
ATAATAGTAAGTTGGGATTTGTTAGGTATTTCTAGTTTTTTTTTAGTTTTATTTTATAGA 
AATTGGGATAGAAATTCTGGTGCTATGAATACGGCTTTAACAAATCGTGTGGGGGATTAT 
TTTATTTTTTGTTTTTTTAGCTCGTCATTGTTTAGAAGATATTATTTTTTTTCTTTTAGA 
TTTTTTGTAGGTAGTGGTTTATTGTTGTTGGTTTTTGCTTCTTTTACTAAAAGGGCTCAG 
TATCCTTTTAGTAGTTGGTTACCAAAGGCGATGAGTGCCCCCACTCCCGTGAGTTCTTTG 
GTCCATAGTAGGACATTGGTGACTGCTGGTTTGATTTTATTGATAAATTTTGATTTAATA 
ATTAGTAATTTTTTTGTTATGTTGTTTTTGTTATTGATTGGTTTATTTACGATGTTTTTT 
TCAAGTATTATGGCTTTGTTTGAGGAAGATATGAAAAAGGTAGTGGCTTTGAGAACTTTA 
TCGCAAATGGGTTTTATGATGTTTACTTTGGGGATGGGGTTGCATTTTATTTCTTTGTTA 
CATTTATTGAGGCATGCTTTGTTTAAAAGTTGTTTGTTTATGCAAGTAGGTTATTTGATT 
CATAGAAATTTTGGACAACAGGATAGTCGTTTTTATGGTAATAATGGGGGATTGATTATG 
TTTGTTCAGTTGCAAATGATAATTACGTTATTTTGTTTATGTGGTTTATTTTTTACTAGG 
GGTATAGTAAGTAAAGATTTGATTTTAGAATTATTTTTTTTTAATAGTTATTATATGATG 
TTGGGTTTGTTTTTTTTAATTTCTGTTTTTTTAACTTTTGGTTACAGTTATCGTTTGTGG 
AAGAGTTTGTTTCTTAGATTTTCTAAAGTATTGACAGAAGTTGGTAGAAGTTTATTAATG 
AATTATTTGAGTTTGTGTTTGATTATATTTTCTGTAATTTTTATATATTGGATGGGTGTG 
AATTTGTTGTGTTTGCCTAGGTTTTTTTTGTATATGGATATATATGTACCATTGATGTAT 
ATTTTTTTAATTCTGATATTTTGTTATTTAGTTGTTAAATTCTTGTTAAAAGAATTAATT 
TATAAGTTTTTTGTTGATTATTATGCTAAGATTTTTTCTTTTAGAGGATTAAATTTTAAT 
TTTGTTGATCGTGGTTTGACAAGGTTGGGTGTTAATGTTTTTTATATTTTTAGAATTTTT 
AGAAAATTGTTTGTTGAAATAATAGGAAGAATGGGGTATAATA 
 
>5919-->6345 product NADH dehydrogenase subunit 6 score: 
97.163124 
ATGTTATTATTTTCTTTGTTTTTTAGTGTGATGAGTTATATGAACAATGATCCGATTAAG 
AGGAGTTTTTTTTTGATTTTTTCGATGTTGTTTTGTATGCCTGTGATGTCTTTTGTAGGG 
TATGTGTGGTATTCTTATTTTGTTTGTATGCTTTTTTTGAGTGGGATTTTTGTGATTTTG 
GTTTATTTTTCTAGTTTATCGAGTTTTTTAGAATTTGGTGTTTATTTTTGATTTGTGGGG 
TTGATTTTAACTTTGTTGTGTTTTAATTTGTTTGAGGATTTTTTTTTTGTTGGTTTTAGG 
GGGTTAACTGTTTTTTATTATGAGTTGAATTTTTTTTTGTTGTTTTATTTAGTTTTTGTT 
CTTTTGTTTTTTATAAGATTTGTTAGTTATTATTTGGGTTTTTCTGGGGCTTTACGAAGA 
GTTTAGATTA 
 
>6345-->6618 product NADH dehydrogenase subunit 4L score: 
92.207794 
ATTATTTTTTTTTTTGTTAGATTGTTAATGTTGATTTTTAAATGGTATCGTTTTATTTTT 
GTTTTGATTTCTTTGGAATTTTTAATAATGAGGGTTTTTGTGAAGTTTTTTGAGGTTTTT 
AATAGGATGGTGTTTTTTTTTTTTATGTGTCATTCGGTGATTTCTAGAATTTTGGGTGTT 
GTAATTATGGTTGGTGGTGTGAAGTTTTATGGGAGTGATTTGAGAATTTTTTGTAGATTT 
AAGTTAAGTGAAACTATTAATTTTCAAAATTAAAAAT 
 
 
 
>7652-->8501 product NADH dehydrogenase subunit 1 score: 
98.12734 
ATTAGGAGATCGGAAGAGCACACGTCTGAACTCCAGTCACCAGAATATGAGCGTCATTTA 
TTAGGGAGTAGACAAATTCGGCTGGGTCCTACTAAAGTGAGTTTTATAGGAGTTTTGCAG 
GCGTTATTAGATGGGGTTAAATTGTTGAAGAAGGAACAGATTTTACCTCTATTTACTTCT 
GATTTGGTATTTTTATTGGTGCCGGGTTTATCTTTTGTTTTGATGTATTTGGAGTGATTT 
TTGTTACCATATTTTTATAGTTTTTTGAGTTTGGAGTATTCTTTGTTGTTTTTTTTGTGC 
TTGTTGGGTTTTAGAGTTTATTCGGTTATAATTAGTGGTTATATTAGTAAGTCTAAGTAT 
GGGATGATTGGGGCTTTGCGAGCGAGAAGTCAAAGGGTCTCTTATGAAATTGCTTTTTCT 
ATTTATTTGTTATCTGTTATGTTTGTATTGGGTTTGTTGATGTTTAAGGAAGGTTTTGAA 
TTATTAATGTTATTTATGTATTTGCCTTTTTTGATTATATTAATTGCTGAGTTGAATCGG 
GCTCCTTTTGATTTTGCTGAGGGGGAGAGAGAGTTGGTAAGAGGATATAATGTGGAGTTT 
GGAAGGGTGGCTTTTGTTTTGTTGTTTTTGAGAGAATATGGGAGTTTGATTTTTTTTTGT 
GTTTTATATTCTGTTTTGTTTTTTGGTTTTTCTTTGTTGATGGTTTATTTTATGTTTTCT 
TTGATGATTTTTGTTCGTAGATCTTATCCGCGTTATCGTTATGATTTAATAATGAAGATG 
TTTTGATTTAAATTTTTACCGGTTTCTTTGATTTATTTGTTTTTTTTTTTTGTTGTTGGT 
TTGTTGTAGGAAT 
 
>8503-->9103 product ATP synthase F0 subunit 6 score: 97.487434 
ATTAATCAGGTTTTTTTGTTAGATGTGTTTTTGTTAGTTTTTTTATTGCAATATGTTTTT 
TATTTTGAGGAGGGGATATTAAGTGGATTTTTTAAAAATTTTTTGTTTGTATTATCAAAT 
GTTTTTAGTTATGGTTTGAATTATTCTATGAGTTATATGATTTCTTTTTTTACTTTTATT 
GTTTTGTTATTATTTTGTTTTGGTGGTTATTTTTCTTATTCTTTTTGTGTTTGTGGTATG 
TTAGAGTTTACTTTATTGTATGCTTTGGTGGCTTGGCTGACTACGGTTTTAGTTATGATT 
TCAAGAATGAAGATTTCTGTTTATTTAAGTAAATCTGGAGATAAATTTTTGAAGACTTTT 
AGAATATTGATGGTAGAGGTGGTTAGGGAATTATCTCGTCCTATGGCTTTAACTATTCGT 
TTAACAGTTAATGTAATGGTAGGTCATTTAATTGTAGGTTTTTTGTATATAAGGATTGAG 
GGGGTGTTAGGTAATGGTTATGTTTGGTTAATGGTTTTGGCTATTATGATGGAGTGTTTT 
GTATTTTTTATTCAGAGTTATATTTTTTCTCGTTTGATTTATTTGTATTTAAATGAATAG 
AAGG 
 
>9268-->10120 product NADH dehydrogenase subunit 2 score: 
96.4539 
TTGTTGTATGTGTTTTTTTTTTTTATGGTTTTAATGATGAGTATATTTGTTTTGTTAGTA 
GATAATATTTTTTTTTGATGAAGGGTGTTTTTGATTATGACTTTGTTGATTGTTTTTATG 
AATAAGAAATTTTTGAGATACAGGAGGATTTTTAATTATTTTGTTTTGCAGGAAAGTCTT 
GGTTTAATTTTCTTATTATTGTATTTTGGTGGTTTCTTGCCTATGTTGATTATGATAATT 
AAGATTGGGGTGGCTCCTTTTCATTTTTGGTTGTTTAAGGTTATTGATGGTATGTTTGGT 
TTTAATCTGGTATGATTTTTAACAATTCATAAGTTGCCTTTCTTGTTGGTTTTTTTGCAA 
TTGTTTTATTTAAATATAGTTTATTTTTTGTTAATTGGTTTATTGGTGTGTTTGTTTCAA 
TTGTTTGTGTTAAAGTCTTTTAAGAAGTTGTTGTTGGTTTCTACTGTTGAATCTTTTAGG 
TGGGTTGTATTGGGTTTAGTAATGTCTTTTTTTAATGTATTGTATTTGTTTTTTTATTAT 
TTAATTTTGATGATATTTTTGATTTATAAATTTGATAAGAATGTAGGTTCGTCAGGTTTT 
AGTTGGGAATTGGTGTTGGTGTTTATGAATATACCTTTTAGAGTTGGTTTTTTTGTTAAA 
ATTATTTTGTTGATGGAGTTTTTGAAGAGTTTTGGTATTTATGTGATTGTAATTATGTTT 
TTAATGTTTTTAAGAGTTTTATCTTTAAGTTTTTGACTGGTTATTTTAAGAGTTAAAAAT 
TTGTTATTTAGAAAGTATAGTGTTGTGGGTATGATTTATAGTTTTCCTTTAATAATAGTG 
GTGTTATTGTAGAAAA 
 
>10353-->11466 product cytochrome b score: 98.373985 
ATGTTGAATAGACAGAATTTTAAGAGTTTTTTTAGTTCTTTAGTGGTTACTTTACCTAGG 
AGAAAGAGGTTAACTTTGGGTTGGAATTATGGTAGAATGTTGGGAATAATTTTAGTTTTT 
CAGTTGTTAACTGGATTATTTTTATCTTTTTATTATGTTGCGGATGGTTTAGTGGCTTTT 
 
 
AGTTCGGTTCAATATGTTATATTTGATGTTAATTTGGGTTGGTTATTTCGGATTTTTCAT 
TTTAATGGGGCGAGTTTGTTTTTTATTTTTTTGTATTTGCATATTTTTAAGGGTTTGTTT 
ATGGTTAGTTATCGGTTGAAAAAAGTTTGAGGTACGGGTTTATTGATTTTTTTGTTGATT 
ATGATAGAGGCTTTTATGGGTTATGTTTTGGTCTGGGCTCAAATAAGATTTTGAGCTGCG 
GTTGTAATTACTAGGTTGTTGAGTGTTGTTCCTGTTTGAGGTCAATTGATTGTAATGTGA 
ATTTGAAGAGGTTTTGGAGTAACCAGGTCAACTTTAAAGTTTTTTTTTGTTTTACATTTT 
TTGTTGCCTTGGCTATTGTTGGTTTTGGTTATGGTGCATATGATTTTTTTGCATAGTACT 
GGTAGAACTTCTAGTTTGTATTGTCATGGTGATTATGATAAAATTAGTTTTGGTCCTTAT 
TATTGGAATAAGGATTTTTATAATTTTTTAGTTTTTTTTGTTTTTTTTTTGTTAGTTTTA 
TTGAAGCCTTTTTATTTAGGGGATCCCGAAATGTTTGTTGAGGCAGATCCCATGATGAGC 
CCAGTGCATATTGTTCCAGAATGGTATTTTTTGTTTGCTTATGCTATTTTGCGGGCTATT 
CCTAATAAGGTTATGGGTGTTGTAGCTTTGTTGATAAGAATTTTGTTATTTTATTTTTTT 
TTATTGGTTAGTAATTATACGTCTTGTTTGGTAAATTTGAATAAGTTTTTAGTTTTTATA 
TTTATTGTGGTTTCTGTGATGTTAAGTTGATTGGGTCAGTGTTTGGTAGAATATCCTTAT 
TATGTTTTGAGTTTGGTTTTTTCTTTAATATATTTTTTTTTGGTTTTTTTAATATTATTT 
GTTTATTGGTTTAGGAAGTATTTGTTTTTTTAACACA 
 
>11521-->12292 product cytochrome c oxidase subunit III score: 
96.44269 
TTGTGTCATAATTTTCATATTCTAAGATTATCTAGTTATGCTTTTTATTTATTTTTTAGA 
ACTTTAGGTATTACTAGTTCTTTGGTTTTGTTTTTTAAGTTTGGGTTGTATTTGCCTTTT 
TTACTTAGATTGTTGGTATTGTTATTTATTTCTTTTTTATGAGGTAAAGATATTTCTTTA 
GAAGGTTTAAGGGGGTATCATAATTTTTTTGTTATGGGGGGGTTTAAGTTTGGTGTAATG 
TTGTTTATTTTTAGTGAGGTTATATTTTTTTTTGGAATTTTTTGAGTGTTTTTTGATTCT 
GCTTTAGTACCTGTTCATGAGTTAGGAGGTGATTGATCATCATATGGATTGTCAATGGTT 
AATCCTTTTGGGGTGCCTTTATTGAATACTATTATTTTGTTGAGTAGGGGGGTTAGAGTT 
ACTTGAGCTCATTACAGTTTGTTGAGTAATAAGAGATGTTTAAATAGGATAGTATTGACT 
TGTTTGTTGGCTTTTTATTTTACTTTAATTCAGTTAATGGAGTATAGAGAAGCTAGATTT 
TCTATTTCTGATGGTATTTATGGTAGAATTTTTTATTTGTCTACTGGTTTTCATGGTTTA 
CATGTTTTGTGTGGTGGGTTGTTTTTATTTTTTAATTTATTGCGTTTAGTGAAGTGTCAT 
TTTAATTATAATCATCATTTGGGTTTGGAGTTCGGGATTTTGTATTGGCATTTTGTAGAT 
GTAGTGTGATTATTTTTGTTTGTGTTTGTTTATTGGTGATCTTATTGCTAGAATA 
 
>12324-->13575 product NADH dehydrogenase subunit 4 score: 
97.799515 
ATTAAAAGGTTTTGGCTAGTTTTGATAAGAGTTTTATTATTTAGTTTTGTTATATTTTTT 
TATCCTTATTTATTTTTTTTTGTTTTTATTTTTGTTAGTTTATTAATAATAAATAGAATT 
TCATGAATGGGTTTATTTATTTATGTGGATTCTAACGTGTTTGTTTTGTTAGTTTTAATG 
ATGGTTTTTATTTATGGGGTGGTAGTAATTAGAGAGTTTAGTAGGAGTCTTAAGTATTTG 
AGTATGATATTAATTGTATTTTGTTATTTATTTTTTGTTTCTAGAAATATAATGATGTTA 
TATATGTTTTTTGAATTGTCGATATTTCCTATTTTGGTGATAATTTTGGGTTTTGGTTCA 
CAAATTGAGAAAATTGGGTCTAGATATTATTTATTGTTTTATACTACTTTTTGTTCTTTA 
CCTTTTTTATATGTTTATTTTAAAAGGGTTTTTTATTTTAGTTATAATTATTTTGATTTT 
TTTTTATCTTGAGAGATAATGTTTATTTTATCTTTAAGTTTTATGGTTAAGTTTCCTGTT 
TATTTTTTGCACTTATGATTACCTAAAGCTCATGTTGAAGCTCCGACTACGGCTAGAATA 
TTGTTAGCCGGATTGTTATTAAAGTTGGGTACAGCAGGGTTTTTACGGATTTTGGGTTCT 
ATAAATTTTTCGTATAATAATTTTTGGTTATTTTTATCATTGTTGGGGATAGTTTTGTCT 
GCTTTTAGATGTTTGTTTCAAAGGGATTCTAAATCTTTAGCTGCTTATTCTTCTGTTACT 
CATATAAGATTTTTATTGTTGGCAATAAGGGTTTTATTTATTAGGGGTAAAGTGGCAAGA 
ATTTTGATGATATTGGCACATGGTTATACATCAACTTTAATGTTTTATTTAATTGGGGAG 
TTTTTTCATGTCAGATCAAGACGAATAATGTATTTTTTGAATGGGTTGTTAGGATCTAGT 
ATAATTTATGGGTTGGTTTTTTTTTTAGTGTTTTTGTCTAATAGTGGGGTTCCACCTTCT 
TTATCTTTTTTTTCGGAATTTATAATTATTGTTAATGCTATTTTGTTGAGTAAGATTTTT 
 
 
TTTTTATTGGTTTTAGTTTATTTTATAGTATCTTTTTATTATAGTGTTTATTTAATTGTT 
TGTTGTAGTATGGGTGGGAAATTTTTGAGTTTGTTAAATTTTAAAGTGGGCTACGGTGTT 
CCTGTGGTGATTATAATGTTTAATGTTTTTTGGTTGTCTTTGATATATTAGCCTC 
